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Conventional ion exchange media for removal of metals from drinking water are not 
effective for thallium (Tl). Tl is rare in source waters, occurring in ng/L range, but some 
facilities require improved methods to remove this toxic metal from drinking water. Pilot 
testing at Park City Utah’s Spiro Treatment facility of granular filtration by pyrolusite 
(MnO2), has proven effective at achieving Tl levels <0.24 µg/L. Due to source water quality 
in Spiro, calcite precipitated onto the pyrolusite media, adding potential sites for interaction 
with Tl. The study objectives were 1) to characterize the mineral composition of pyrolusite 
(used media with calcite and unused media without calcite) and anthracite (used and unused, 
as a comparison media) by XRD analysis and characterize the mineral associations of Tl on 
these surfaces by sequential extractions and 2) to investigate the role of calcite, deposited on 
the used media, in Tl removal and establish the stability of newly added Tl through batch 
studies and sequential extractions, respectively. Batch sorption studies were conducted with 
selected media used in the Spiro pilot plant, at Tl concentrations from 2-200 mg/L, under 




and Cl2 concentrations in combinations expected to limit (low pH and Cl2, and high K+, Ca+2, 
and Cl-) and facilitate (high pH and Cl2, and low K+, Ca+2, and Cl-) sorption. Logan tap water 
(LTW), a water of moderate pH, was included for comparison. XRD confirmed the presence 
of calcite on the used media. Calcite accounted for 46.6 ± 2.2% (average ±SD) of the Tl 
sorbed to the solid phases whereas Mn oxides accounted for 36.5 ± 3.6%. Batch studies 
showed no effects by water quality on Tl sorption by pyrolusite. Although Freundlich Kf 
values were four times higher for media with calcite, both media sorbed comparable Tl 
concentrations, indicating calcite does not enhance Tl removal. Pyrolusite without calcite 
displayed specificity for Tl over K. Dissolution of carbonates observed with changes in pH 
suggests that risk for Tl release is higher from media with calcite, concluding calcite 


















 Thallium (Tl) is a rare heavy metal in drinking water, but its extreme toxicity 
makes its removal crucial to consumer health. Traditional treatment methods do not work 
for Tl in sources with high concentrations of ions like calcium (Ca+2) and potassium (K+), 
as they are removed preferentially to Tl. A treatment method that specifically targets Tl 
must be applied. Pilot studies conducted in Park City Utah found that pyrolusite, a 
manganese oxide ore, will remove Tl to very low concentrations in the presence of 
competing ions but because this method is not common, further study was required. This 
study investigated the mineral composition of the pyrolusite and where, within the 
material, Tl was held. Calcite is known to accumulate Tl so tests were done looking at Tl 
accumulation onto pyrolusite with and without calcite on the surface in three water 
qualities: one with high pH and chlorine (Cl2) and low concentrations of the interfering 
ions Ca, K, chloride (Cl-) predicted to promote Tl removal, one with low pH and Cl2 and 
high concentrations of interfering ions predicted to limit Tl removal, and one with a 
moderate pH used for comparison. The likelihood of this Tl to stay on the media surface 
with changes in water chemistry was also tested. It was seen that Tl does accumulate in 
calcite on the media surface. Both pyrolusite media showed a high capacity for Tl and 
media without calcite exhibited a preference for Tl over K. Calcite dissolved with 
changes in pH which led to the conclusion that its formation on the media surface must 
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CHAPTER I:  
 
INTRODUCTION 
Thallium (Tl) is a rare heavy metal that is incredibly toxic to humans and most 
biota at trace levels. Its physiological repercussions are comparable to those produced by 
its neighbors on the periodic table, mercury (Hg), cadmium (Cd), and lead (Pb). It is 
widely distributed at low concentrations in environmental media including water but 
despite this, research concerning Tl in natural and engineered systems is lacking.  
Although occurrence levels are relatively low (typically ng/L), Tl found in 
drinking water sources presents a risk to consumers and engineering its removal poses a 
significant challenge to water treatment professionals. This challenge is mainly due to the 
conflicting chemistry of the two oxidation states of Tl, Tl+ and Tl+3. Under most 
environmental conditions Tl+, whose behavior is similar to that of K+, prevails. The 
similarity to K+ accounts for the severe toxicity of Tl+, as it is able to mimic K+ during 
cell uptake.  
The US Environmental Protection Agency (USEPA) lists ion exchange and 
activated alumina as the best available methods for removal of Tl from drinking water. 
However, other mono and divalent cations compete with Tl+, limiting the effectiveness of 
these methods in highly competitive waters. Tl+3 is thermodynamically unstable under 
most environmental conditions but can be stabilized through complexation with organic 
and inorganic ligands, including chloride and sulfate, which are common constituents in 
drinking water. This stabilization can cause uncharged Tl(III)-complexes to pass through 







Therefore, in order to reduce the risks posed by the presence of Tl in drinking water, a 
more selective method of removal must be developed.  
It has been demonstrated that Tl has a specific affinity for manganese dioxides 
(MnO2), through studies of Tl removal from aqueous solutions using birnessite (δ-MnO2) 
as the sorbent. MnO2 media is already applied as a water treatment technique for the 
removal of soluble iron (Fe) and Mn. Pilot testing conducted at the Spiro Water 
Treatment Plant in Park City, Utah has concluded that the use of pyrolusite (β-MnO2) is 
an effective method for the removal of low levels of Tl from their drinking water. Current 
literature provides some guidance as to the proper operating conditions necessary to 
utilize the relationship between Tl and MnO2 and employ this new treatment technique. It 
is clear that pH, chlorine concentration, and concentrations of competing or complexing 
ions play a role in retaining Tl on MnO2 surfaces. During the pilot study at Spiro, the 
surface of the pyrolusite used in the granular filtration columns was coated with 
carbonate minerals; approximately 40% of the Tl removed onto that media was 
associated with the carbonates and not the MnO2. A similar observation was made with 
anthracite used in the Spiro pilot study, with a high percentage of the Tl removed by the 
media associated with the carbonate phase of the mineral, suggesting that the presence of 
carbonates also plays a role in the removal of Tl from drinking water onto granular 
media.  
The purpose of this study is to characterize the association between Tl and 
pyrolusite collected from the Spiro pilot study using sorption studies under different 







additionally, to establish the role of carbonates in the removal and stability of Tl by 
pyrolusite media. This information will increase the level of understanding concerning Tl 
in engineered aqueous environments and mitigate potential risks posed by low levels of 








CHAPTER II:  
 
BACKGROUND 
Park City is a unique town located in Northern Utah, east of Salt Lake City, with 
an equally unique drinking water system. Of the eight water sources utilized for drinking 
water in the area, two are mine drainage tunnels, remnants of the large zinc and silver 
mining operations that previously fueled the local economy. The water from Judge and 
Spiro tunnels is reported to have concentrations of trace inorganic contaminants (TICs) 
approaching or exceeding the USEPA established maximum contaminant levels (MCLs). 
Specifically, Judge tunnel water is high in antimony (Sb), zinc (Zn), arsenic (As), Cd, and 
Pb and Spiro water contains high concentrations of Tl, Mn, Fe, Sb, Pb, and As. 
Because of high concentrations of Sb, Judge tunnel was preemptively taken 
offline in 2013 until the Sb could be effectively removed. Currently, water originating 
from Spiro tunnel is treated using ferric chloride coagulation, granular filtration specially 
designed to remove Fe and As, and chlorine (Cl2) for disinfection. In order to meet 
regulatory levels for the remaining TICs, the tunnel water is blended with another water 
source before being distributed for public consumption.  
Spiro Tunnel has reported levels of Tl above the MCL of 2 µg/L, with a recorded 
maximum output of approximately 3.8 µg/L (Swaim and Emerson 2016). Park City has 
not struggled to meet the MCL for Tl in the past; however, a new stream discharge permit 
further restricts Tl concentrations to less than 0.24 µg/L. This new regulation prompted 







and meet Park City’s conservative treatment goal for Tl of 0.18 µg/L (Swaim and 
Emerson 2016).  
Where dilution has been an effective way to achieve MCL compliance for Tl in 
the past, a recent study conducted by Friedman et al. (2015) of their distribution system 
has required Park City to reevaluate this protocol. The study by Friedman et al. was 
sparked by water quality events occurring in 2007 and again in 2010 during which Park 
City Municipal Corporation (PCMC) received a volley of complaints from consumers of 
severely discolored water. Further investigation showed levels of As, Mn, Hg, Pb, and Tl 
above their respective MCLs at the point of use that had not been seen at the point of 
distribution.  
It is the assumption of utilities and regulating bodies that, once treated, such 
constituents behave conservatively within the drinking water distribution system 
(DWDS). Thus, with the exception of copper (Cu) and Pb, contaminants are monitored at 
the point of distribution; however, it is possible for TICs to accumulate within biofilms 
and upon Fe and Mn oxide scales, which are ever-present in water systems (Friedman et 
al. 2015; Friedman et al. 2010; Hammer 2018; Kent 2016; Peng and Korshin 2011). Both 
of Park City’s water quality events occurred shortly after a major source change, which 
suggests that their cause was likely due to a long-term accumulation and subsequent 
release of TICs in the DWDS following changes in water quality. Study of pipe scale 
samples showed that Tl was readily sorbed by Mn oxide scale and was also likely to 
release due to decreasing pH or Cl2 concentration or increased presence of competing 







This information in conjunction with the new Tl discharge limit led Park City to 
investigate technologies for the removal of low concentrations of Tl from the Spiro 
tunnel drinking water source. The USEPA has listed best available treatment technology 
for the removal of Tl to be ion exchange and activated alumina. The water that comes 
from Spiro Tunnel is very hard (480 mg CaCO3/L), producing enough competing ions to 
limit the efficiencies of these techniques for Tl removal, necessitating the use of a more 
Tl selective removal method in the new treatment facility.  
Bench and pilot scale treatment studies were completed using the following 
treatment techniques (Figure 1): oxidation with Cl2, pH adjustment, and ferric chloride 
coagulation, followed by flocculation and sedimentation for the removal of As, Cd, Pb, 
Zn, and suspended solids as well as some Mn, Tl and pathogens; granular filtration using 
sand-anthracite or pyrolusite media for the removal of Mn, Tl, suspended solids and some 
pathogens; adsorption using Metsorb© titanium dioxide media for the removal of Sb and 
any other metals that made it past the preceding treatment steps; and Cl2 disinfection for 
the inactivation of all pathogens (Swaim and Emerson 2016). These studies were proven 
to be successful, but the potential for Tl release from the pyrolusite media with changes 
in water quality or specifically due to the dissolution of carbonate minerals with a high Tl 
association was still unknown. Such releases could be hazardous to consumer health and 







Figure 1. Schematic of Spiro pilot treatment train including a description of the purpose 







CHAPTER III:  
 
LITERATURE REVIEW 
Introduction and Background 
Thallium (Tl) is an element rarely discussed in environmental science and 
engineering literature, despite its relatively wide distribution in the environment. Since its 
discovery in 1861, its contradictory properties have provided scientists with a mine of 
challenging research potential in understanding its chemical properties and developing 
safe industrial uses. However, possibly due to its paradoxical nature and description as 
the platypus of metals, studies on environmental Tl have been limited. This chapter 
comprises a review of the research that has been done in relation to the presence of Tl in 
natural and engineered water systems.  
Early in its history, Tl was marketed as a depilatory agent as well as for the 
treatment for syphilis, tuberculosis, and ringworm. By 1934, there were 778 reported 
cases of Tl poisoning, with 46 estimated fatalities (Nriagu 1998). Due to its well-
documented toxicity, Tl was deemed too toxic to be handled by the public and these 
applications, as well as its use in insecticides and rodenticides, have been restricted in the 
United States (IPCS 1996; Tsai et al. 2006). In the last century, Tl has been used in the 
manufacturing of optical lenses, high temperature ceramic semiconductors, low 
temperature thermometers, radioactivity quantitation, and electronic devices (Nriagu 








The conflicting chemical and physical properties of Tl have made it an enigma 
since its discovery. The physical properties of Tl, namely its specific gravity, hardness, 
melting point and electrical conductivity, give it a place in the lead group. Conversely, Tl 
exhibits lithophilic characteristics and is frequently associated with silicates suggesting 
that its geochemistry follows those of cesium (Cs), rubidium (Rb), and potassium (K+) 
(Sarkar and Hannigan 2007; Smith and Carson 1977; Wick et al. 2018). This behavior of 
Tl resembling that of the alkali metals K+, Cs and Rb makes a case for the inclusion of Tl 
within that elemental group. Thallium readily replaces K+ in illitic clay interlayers 
(Jacobson et al. 2005; Wick et al. 2018) as well as within the human body and in biota, 
which is the source of its toxicity (Smith and Carson 1977). A cell membrane is unable to 
differentiate between Tl+ and K+, making it possible for Tl+ to move through the body, 
interfering with potassium-dependent processes and accumulating within cell structures.  
In both illite and biota, the similar ionic radii between the two ions (K+=1.52Å; 
Tl+=1.64Å) are the cause for their apparent interchangeability (Galvan-Arzate and 
Santamaria 1998; Wick et al. 2018; Wulfsberg 1987).  
Because of its valence and molecular weight, Tl was ultimately placed in Group 
IIIA of the periodic table (with boron, aluminum, gallium, and indium). Like many of the 
metals surrounding it, Tl is a large soft cation and has been labeled a chalcophile, a 
designation proven by studies conducted by Tremel and Mench (1997), as cited by 







initial confusion pertaining to the designation of this element is important to remember 
even while studying it today, as the complexity of its behavior is not fully understood.  
Thallium exists primarily in two oxidation states, Tl+ and Tl+3. Tl+ is more 
thermodynamically stable and is, therefore, suggested by some of the literature to be the 
predominant species in natural waters (Karlsson 2006; Nriagu 1998). The redox potential 
of Tl+3/Tl+ (1.28V) confirms that Tl+3 is easily reduced at environmental conditions 
unless a strong oxidant is present. Figure 2 was generated using calculated hydrolysis 
constants and equilibrium constant (K=1043.3) and further confirm that the presence of 
Tl+3 is not expected under natural pe and pH conditions (Lin 1997).  
 
 
Figure 2. Redox (pe-pH) predominance diagram for Tl - Tl+ - Tl+3 species assuming total 
dissolved Tl = 1 x 10-5 M (adapted from Lin 1997). 
The idea that Tl+3 is unlikely to be found in natural waters has been challenged by 







by Lin and Nriagu (1999b), which have concluded that Tl+3 and Tl+3 complexes are the 
most common form of Tl in seawater and well-oxidized fresh waters (IPCS 1996). Since 
Tl+ behaves similarly to alkali metals, it does not form strong complexes. Tl+3, however, 
it is known to form such complexes with many ligands commonly found in natural waters 
(Table 1). Lin and Nriagu (2000) explain that their observations in the Great Lakes are 
due to the presence of complexing ligands, particulates, and colloids in the water that act 
to stabilize Tl+3. Figure 3 illustrates how complexation of Tl with chloride (Cl-) can 
stabilize Tl+3 in conditions that would otherwise be unfavorable. Specifically, in the case 
of Cl-, complexation between Tl and Cl- can complicate Tl removal from drinking water 
as Cl- levels are increased with the addition of Cl2 and FeCl3, both of which are 
commonly used in the drinking water treatment for oxidation and coagulation, 
respectively. The extra Cl- results in more stable Tl-Cl complexes that resist removal 
















Table 1. Stability constants for Tl complexes (Nriagu 1998). 
Ligand Number of Ligands Tl(I) log K Tl(III) log K 
Citric acid 1 1.04 12.02 
NTA 1 3.44 16.81 
Acetate 1 0.79 8.42 
Br- 1 0.93 9.70 
Br- 2  16.60 
Br- 3  21.20 
Br 4  23.90 
Cl- 1 0.52 8.14 
Cl- 2  13.60 
Cl- 3  15.78 
Cl- 4  18.00 
EDTA 1  22.50 
F- 1 0.10 6.44 
I- 1 0.72 11.42 
I- 2  20.88 
I- 3  27.60 
I- 4  31.82 
Nitrate 1 0.33 0.92 
SO42- 1 0.95 9.02 
SO42- 2 1.02 9.28 
HPO42- 1 3.31 17.66 
NO3- 1 0.45 7.20 
CO32- 2 2.79 15.76 
HCO3- 1 3.42 18.07 
Sorption-natural particle 1 2.50 14.68 
Bisorption-S-site 1 1.25 10.83 









Figure 3. Calculated predominance diagrams for dissolved species in the Tl+3 – OH - Cl- 
system (adapted from Nriagu 1998).  
Tl concentrations are determined using inductively coupled plasma mass 
spectroscopy (ICP-MS) or Laser-Excited Atomic Fluorescence Spectroscopy (LEAFS) 
without preconcentration with low detection limits of 0.1 µg/L and 0.03 ng/L, 
respectively. However, neither of these methods is capable of determining oxidation state 
(Cheam et al. 1995). Chelating resins and anodic stripping voltammetry have been used 
to determine oxidation state of Tl in aqueous systems and with preconcentration have 
achieved detection limits in the ng/L range for both Tl+ and Tl+3 (Batley and Florence 







 Sources and Occurrence 
Sources 
In the natural environment, Tl is widely dispersed but seen in low concentrations, 
1 mg/kg on average in the earth’s crust (IPCS 1996; Nriagu 1998; Smith and Carson 
1977). Soils near old mines revealed concentrations as high as 73 mg/kg, as cited by 
Jacobson et al. (2005). It is rare to find Tl on its own; instead, it is often seen associated 
with potassium minerals and sulfide ores (Nriagu 1998; Smith and Carson 1977). Natural 
weathering and leaching of these thallium-bearing ores are the driving forces for Tl 
occurrence in soils and water.  
Anthropogenic sources are also to blame for the presence of Tl in natural water 
systems. It is estimated that 2,000-5,000 metric tons of Tl are mobilized every year due 
primarily to coal combustion and heavy metals smelting (Cheam 2001; Nriagu 1998). 
Depositions of Tl from these atmospheric emissions enter water bodies and contaminate 
soils (IPCS 1996; Smith and Carson 1977).  
Occurrence in Ground and Surface Water 
Concentrations of Tl are low in environmental waters. In seawater, the average 
reported values range from 10-20 ng/L (Batley and Florence 1975; Flegal and Patterson 
1985). An explicit range for Tl concentrations in fresh water bodies does not seem to 
exist. The Great Lakes is a popular site for studying metals contamination in natural 
water and two studies specific to Tl provide some interesting information on the topic of 
Tl occurrence, both natural and otherwise, in water. The first study, conducted by Cheam 







the western edge of Lake Ontario, using LEAAF. The second study, by Lin and Nriagu 
(1999b) used graphite furnace atomic absorption spectroscopy (GFAAS) and determined 
Tl concentrations in Lakes Michigan, Huron, and Erie. A summary of these data can be 
seen in Table 2.  
Table 2. Tl in the Great Lakes (Cheam et al. 1995; Lin and Nriagu 1999b). 
Lake Range (ng/L) Mean (ng/L) Std. Dev. (ng/L) 
Superior 0.9-1.4 1.2 0. 2 
Michigan 8.8-18 14.2 2.5 
Huron 2.6-18 10 4.6 
Erie 
(Cheam) 










Ontario 4.5-8 5.8 0.6 




Concentrations of Tl vary significantly from lake to lake and even from one end 
of a lake to the other (Table 2). It is important to note that the Tl concentration within 
each lake roughly correlates with the presence of industry and population on or around its 
shores. Lake Superior, located within a sparsely populated basin, has little interaction 
with industry and consequently a very low Tl concentration. Lake Michigan is located 
near the metropolitan areas of Milwaukee and Chicago and therefore is subject to 
increased exchange with anthropogenic sources of Tl. Hamilton Harbour, located on the 
western tip of Lake Ontario, is in the midst of the major industrial center of Hamilton, 
creating an increased potential for impaction through atmospheric interaction with coal-







 Cheam (2001) expanded his study to include over 1,200 data points collected 
from water bodies, of varied impaction, throughout Canada. There were 65 sampled sites 
that were deemed contaminated, with Tl concentrations exceeding 50 ng/L; of these, only 
12 breached µg/L concentrations. The whole of this study’s data ranges from 0.4 ng/L in 
the Fraser River (British Columbia) to 24,000 ng/L in the ash lagoon of Trenton power 
plant (Ontario); by comparison, Park City’s Spiro Tunnel source consistently produces Tl 
concentrations between 2,500-3,800 ng/L.  
Tl in Drinking Water 
With the exception of Cu, Pb, and disinfection byproducts, which are monitored 
at the consumer’s tap, regulated contaminants are expected to meet a MCL at the entry 
point of the distribution system and are assumed to behave conservatively thereafter 
(USEPA 2007). The MCL for Tl is 2 µg/L (2,000 ng/L) (USEPA 2016b). With such low 
concentrations of Tl occurring naturally, finding a source with levels initially exceeding 
this limit is rare. Environmental Working Group (EWG) (2016), who has created a 
database of the water qualities of 48,000 utilities using monitoring data provided by the 
EPA, cited 173 utilities in 2015 with detectable levels (~0.2 µg/L) of Tl. Only 23 of those 
cited had Tl concentrations exceeding the MCL.  
At times, water treatment facilities are required to meet additional regulation for 
toxic metals such as Tl. One such example exists for Park City who utilizes horizontal 
wells that once were active drainage tunnels for silver and zinc mines. As a result of their 
former functions, these sources are considered point sources for the discharge of toxic 







(UPDES) permit. Under this permit, if the varying seasonal demand requires that a 
portion of their treated water be discharged into the environment rather than the 
distribution system, Park City is required to treat the water to the permit specified 
concentration of 0.24 µg/L for Tl (Swaim and Emerson 2016).  
In 2007 and 2010, PCMC responded to complaints of brown water coming from 
consumer taps. Analysis of water samples revealed high concentrations of TICs including 
As, Tl, and Hg, that had not been seen at the point of distribution. The distribution system 
was flushed and the metals concentrations went back to normal levels. In order to explain 
why the color event might have happened, further study was conducted.  It was 
determined that even though concentrations of these metals may be very low at the entry 
point of the distribution system, they accumulated within the water lines. In response to 
changes in the water quality, this accumulation can be destabilized and released back into 
solution (Friedman et al. 2015; Peng et al. 2012). Studies conducted on the DWDS of 20 
utilities across the U.S. and of a system in Italy further confirm the existence of this 
phenomenon (Biagioni et al. 2017; Friedman et al. 2010). 
Adsorption by Soils and Mn Oxides (Birnessite) 
Accumulation of TICs within the DWDS is, in part, the result of adsorption of 
metals onto oxide-scale in water lines. Studies on the adsorption of Tl in DWDSs are 
scarce, but studies on Tl in natural systems exist and are relevant to this discussion. 
Jacobson et al. (2005) studied the factors affecting trace-level sorption of Tl in complex 
soil environments with the significant finding that Tl has a high affinity for Mn oxide and 







of the mobility of Tl in soil environments (Grösslová et al. 2015; Vaněk et al. 2009; 
Vaněk et al. 2011; Vaněk et al. 2013; Voegelin et al. 2015; Wick et al. 2018; Yang et al. 
2005).  
When faced with competition in illitic soil, NH4+ was adsorbed preferentially to 
Tl+ and Tl+ was adsorbed preferentially to K+ (Jacobson et al. 2005). These researchers 
suggested that the preference for Tl over K might be due to the slight difference in 
hydration energies. The hydration energies for K+ and Tl+ are 321 and 326 kJ/mol, 
respectively and the ionic radii are 1.52 Å and 1.64 Å, respectively (Wulfsberg 1987).  
For Mn dioxide, Tl+ was adsorbed to the same extent in the presence or absence of 
Ca2+, an ion with three times the hydration energy as Tl+ (Wan et al. 2014). This suggests 
that inner sphere complexes are formed between Tl+ and Mn dioxide (birnessite) (Wan et 
al. 2014). X-ray absorption near edge structure (XANES) analysis conducted by Bidoglio 
et al. (1993) showed that the mechanism of this association is actually the oxidation of 
Tl+ to Tl+3 on the Mn oxide surface followed by the surface precipitation of Tl as Tl2O3 
which then acts as a catalyzing surface, promoting the sorption of more Tl. Equation 1 
illustrates the oxidation of Tl in the presence of MnO2.  
 2() + 2
 + 2 → 2 + 
() +   (1) 
It is possible that the attraction of Tl+ to Mn – OH groups as described by 
Equation 2 is also at play.  Equation 1 is an acid consuming reaction and Equation 2 is an 
acid producing reaction, which would indicate a pH dependency in both potential 
sorption mechanisms. 
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The pH effects on the sorption of Tl to hydrous Mn dioxide (HMO) can be seen in 
Figure 4 as presented by Wan et al. (2014). Between pH 2 and 4, the reaction in Equation 
1 is the driver of Tl sorption and oxidation. Thus, as pH increases and the presence of H+ 
molecules decreases, less Tl is adsorbed. Within the pH range of 4-8, the ion exchange 
reaction described in Equation 2 drives sorption and as pH increases, sorption of Tl+ 
increases also.  
 
 
Figure 4. Effect of solution pH on removal of Tl by HMO (adapted from Wan et al. 
2014). 
Following batch adsorption studies, Wan et al. (2014) analyzed the birnessite 
using X-ray photoelectron spectroscopy (XPS) and confirmed not only the conclusions 







adsorption but also their own explanation of the effects of pH on the sorption mechanism. 
The results of the XPS analysis verified that the majority of the adsorbed Tl was in the 
form of Tl+3 at low pH. Specifically, it was observed that at low pH (pH 2) when the 
sorption of Tl is at a high point (Figure 4), over 50% of the Tl+ was converted to Tl+3. 
Further, the results of this analysis showed that at around pH 5.8, when sorption of Tl 
was at an almost equal level as at pH 2 (Figure 4), only about 10% of the Tl+ had been 
converted to Tl+3. It can be concluded therefore that the sorption of Tl at low pH is driven 
by the oxidation of Tl+ to Tl+3.  
As Tl+ is more thermodynamically stable in solution, it is expected to be the 
predominant form within a drinking water source unless a strong oxidant is present, a 
scenario likely to be found within water treatment systems. MnO2 is a strong oxidant and 
although it is not, currently, a common constituent in drinking water treatment, it is seen 
occasionally applied as a granular filtration media for the removal of soluble Mn and Fe. 
Additionally, the application of other strong oxidants for disinfection or removal of 
organic matter, Fe, Mn, and sulfides is a very common treatment technique (Crittenden et 
al. 2012).  
Cl2 is the most commonly used oxidant within drinking water treatment 
(Crittenden et al. 2012). For facilities that employ Cl2 for disinfection, USEPA mandates 
a minimum detectable residual (0.2 mg/L) at the furthest point of distribution in the 
system with the highest allowable concentration being 4 mg/L. At high pH and given a 
long contact time, this residual concentration as well as microbial activity will oxidize 







pipe walls. Therefore, utilities with source waters containing Mn and Fe can be expected 
to have scaling within their DWDS. This scale, with its high concentrations of Mn and Fe 
oxides is what promotes the accumulation of TICs such as Tl within the DWDS.  
It is important to note that in all of the cited studies of Tl and Mn oxides, the 
MnO2 used was in the mineral form of birnessite and not pyrolusite, which is what was 
be used in the Spiro pilot treatment tests. The differing mineral characteristics that have a 
significant effect on the sorption capacity are summarized in Table 3. Because there are 
such significant differences between the point of zero charge and the surface area of these 
two minerals, it is possible that their sorptive behaviors may also differ significantly.  
Table 3. Properties of MnO2 minerals.  
Mineral Point of Zero Charge BET Surface Area CEC  
Synthetic Birnessite 2.0a 35.4 m2/g a  290 cmol+/100 g b 
Synthetic Pyrolusite 4.3a 0.15 m2/g a 70 cmol+/100 g b 
Natural Pyrolusite 4.9a 25.92 m2/g c - 
a(O'Reilly and Hochella 2003) 
b(Davranche et al. 2008) 
c(Thi Hue and Hoang Tung 2017) 
Removal of Tl from Drinking Water 
Tl is not a common contaminant in drinking water and thus, studies concerning 
targeted removal techniques are few. Activated alumina and ion exchange are the two 
USEPA suggested techniques. In the treatment technology feasibility study produced by 
the USEPA (1995) regarding suggested removal methods for Tl, it is stated that 
competing ions such as Na+, Mg2+, and K+ will interfere with treatment run lengths but 







removal efficiencies for cation exchange and activated alumina, respectively. However, 
these treatment methods are limited as will be proven further in this section. 
Wan et al. (2014) used two commercially available ion exchange resins, 
Amberlite IRC 748 and D-001, to provide points of comparison to birnessite. The 
properties of these resins can be seen in Table 4.  
Table 4. Physical and chemical properties of adsorbents (Wan et al. 2014).  
Designation MnOx D-001 Amberlite IRC 748 
Functional Group -OH Sulfonic Iminodiacetic acid 
Matrix HMO Styrene-divinylbenzene Styrene-divinylbenzene 
Pore volume (cm3/g) 0.074 0.187 0.079 
Average pore diameter 
(nm) 
2.95 16.25 17.58 
BET surface area (m2/g) 100 16.21 19.68 
Total exchange capacity 2.9 cmol+/g 4.10 cmol+ /g 1.35 cmol+ /g 
 
When evaluating potential sorbents, the rate at which contaminants are taken up is 
of consequence, especially in the case of drinking water treatment, where the residence 
times are in the order of minutes to hours. As D-001 is expected to have some selectivity 
for Tl due to its sulfonic functional group and high total exchange capacity, it was used in 
batch sorption alongside the birnessite to compare rates of adsorption. While the rate of 
adsorption was fast for both tested sorbents, it was faster in the case of the Mn oxide. 
Although the D-001 has a higher overall exchange capacity and sorbed a higher quantity 
of Tl, the limitation of ion exchange resins is evidenced by the results of the batch 
sorption studies with the presence of Ca+2. The iminodiacetic acid functional groups on 







was significantly depressed in the presence of high Ca+2 concentrations. The same result 
was seen for the D-001 resin (Figure 5).   
 
 
Figure 5. Effect of coexisting calcium on Tl+ retention by hydrous Mn oxide, D-001, and 
Amberlite IRC 748 (adapted from Wan et al. 2014).   
In a set of batch adsorption studies conducted to determine the efficacy of nano-
MnO2 in removing Tl within engineered aqueous systems, Huangfu et al. (2015) found 
that Tl sorption was unaffected by the increased presence of Na+ and was decreased by 
approximately 20% when the concentration of Ca+2 was in excess of 200 times the initial 
Tl concentration. It was expected that the divalent cations would compete more intensely 
for sorption sites on the MnO2 and significantly decrease the amount of adsorbed Tl. 
However, the effects were not as dramatic as anticipated further confirming a selectively 







coagulation and sand filtrations steps of a conventional water treatment facility also saw 
increased removal and competition when high concentrations of Ca+2 were present 
(Huangfu et al. 2017a; Huangfu et al. 2017b). 
Within this same set of studies, removal efficiency of Tl by nano-MnO2 was 
tested in the presence of anions common in water systems, SiO3-2, PO4-3 and CO3-2 that 
could potentially complex Tl (Figure 6). As the concentration of anions in solution 
increased, the Tl removal efficiency was decreased in all cases. Although Tl+ is not likely 
to form stable complexes with PO4-3 and CO3-2 (log KsPO4 = 3.31 and log KsCO3 = 2.79), 
Tl+3 is, with log Ks values of 17.66 and 15.76, respectively (Nriagu 1998).  
 
 
Figure 6. Influence of anions on the adsorption of Tl+ by nMnO2 (adapted from Huangfu 


































Destabilizing Sorbed Tl 
Following the adverse water quality events in 2007 and 2010, trials were 
conducted in the Park City DWDS to establish a new cleaning regimen and reduce the 
accumulation. One such trial used a foam plug, sent into the waterlines at one hydrant 
and propelled through the system to the next hydrant, removing a large portion of the 
scale from pipe walls as it went. These “swabbed solids” were collected during the 
cleanings at two locations (Aspen Spring (AST) and Upper Park Ave (UPA)), 
centrifuged, and characterized (Table 5). 
Table 5. Characterization of swabbed solids from Park City distribution system (adapted 
from Friedman et al. 2015). 
 Aspen Spring (AST) Upper Park Ave (UPA) 
Total As (mg/kg) 1742 ± 562 672 ± 6.7 
Total Sb (mg/kg) 19.5 ± 5.4 36.3 ± 0.30 
Total Tl (mg/kg) 1595 ± 553 785 ± 28.6 
Total Pb (mg/kg) 3428 ± 150 6733 ± 212 
Total Mn (%) 1.8 ± 0.61 10.0 ± 0.21 
Note: 1% = 10,000 mg/kg 
 
This matrix is likely to remain stable as long as water chemistry remains constant. 
However, changes in source waters, falling pH, or smaller Cl2 residuals will result in a 
destabilization and release, as was likely the case in the 2007 and 2010 release events. 
Desorption studies were done using the swabbed solids (Table 5) to further 
determine and quantify the mobility of these contaminants. Five factors were tested to 
determine their effects on desorption of Tl from the pipe solids: pH, Cl2, temperature, 







levels likely to be seen during treatment for each factor were determined and tested 
during these desorption studies (Figures 7-8).  
 
 
Figure 7. Thallium desorption as affected by pH and temperature (Friedman et al. 2015). 
Note: a) AST solids and b) UPA solids. Bars connected by the same letter are not 









Figure 8. Thallium desorption as affected by Cl2 concentration, pH and temperature 
(Friedman et al. 2015). Note: a) AST solids b) UPA solids. Bars connected by the same 
letter are not significantly different by Tukey HSD (α=0.05). The MCL for Tl is 2 µg/L. 
Greater desorption of Tl was seen at pH 6.5 than at pH 8.5 as would be expected 







desorption. Note that even at pH 8.5 and the low temperature condition of 7°C, the 
concentration of desorbed Tl is well above the MCL of 2 µg/L (Figure 7).  
Similarly, the plotted results in Figure 8 show that greater desorption occurs from 
the solids at lower Cl2 concentrations and again, within all of the observed conditions, 
concentrations of released Tl are well above the MCL. 
Park City Pilot Study and the Role of Carbonates 
Park City has recently conducted a pilot study to define the best treatment 
techniques and operating conditions for the removal of Tl. Within this pilot, granular 
filtration by pyrolusite media was compared to anthracite/sand media. Anthracite/sand 
was applied with the expectation that oxidation of the Mn+2, present in the source water, 
would result in precipitation of Mn oxides on the media surface within the filter columns 
to enhance the ability of the anthracite to remove Tl. The anthracite/sand columns 
operated for a month and were out performed in terms of metals removal by the 
pyrolusite (Swaim and Emerson 2016). Upon their decommissioning, the anthracite from 
those columns, along with any remaining unused anthracite, was sent to the Utah Water 
Research Laboratory (UWRL) at Utah State University for analysis. Sequential 
extractions and total microwave digestions, completed on both the used and unused 
anthracite, showed no detectable Tl associated with the unused media and an average 
concentration of 12.9 ± 2.09 (average ± one standard deviation) mg/kg Tl was found on 
the used media. The results from the sequential extraction of the used media are 








Figure 9. Distribution of Tl on anthracite used for granular filtration during the Spiro 
pilot study as defined by sequential extractions expressed in terms of percent total Tl. 
Total Tl associated with the anthracite equals 13.5 ± 2.09 mg/kg.  
Unlike granular activated carbon (GAC), which is commonly used as an 
adsorbent in drinking water treatment and has a BET surface area of 882 m2/g, anthracite, 
with a BET surface area of 6.5 m2/g, does not have a very high adsorptive capacity 
(Hanzlı́k et al. 2004). The results of the sequential extractions show that 67 ± 0.4% of the 
Tl removed from drinking water by the anthracite media was associated with the 
carbonate phase of the mineral (Figure 9). An acid test conducted on a sample of the 




















media; additionally, the carbonate step of the sequential extraction resulted in the 
dissolution of only 1.5 mg/L Ca. In contrast, an acid test conducted on the used media 
resulted in fizzing and during the carbonate extraction step of the used media, 1,600 mg/L 
Ca was dissolved. Spiro water contains a high Ca+2 concentration of 135 mg/L and a total 
alkalinity of 160 mg CaCO3/L; therefore, it is possible that these carbonates formed 
during pilot testing and may play a role in the removal of Tl. Sequential extractions done 
on the pipe solids collected from Park City’s DWDS also show a high association of Tl 
with the carbonate mineral phase, further supporting this hypothesis (Kent 2016; Swaim 
and Emerson 2016). 
In a study conducted by Vanek et al. (2010) of Tl contamination in soils, it was 
hypothesized that the partial dissolution of carbonates may be followed by 
coprecipitation of Tl with newly forming carbonates, thereby stabilizing the Tl. The 
authors further conclude that Mn oxides are less responsible for the retention of adsorbed 
Tl within soil particles than the composition of the carbonates present and for this reason, 
carbonate concentration should be considered when evaluating the mobility of Tl. 
Additionally, a study conducted on the fate of anthropogenic sources of Tl and other 
heavy metals in sediments concludes that the incorporation of Tl, Pb, Zn, and Cd into 
calcite structures in the surrounding geomorphology of contaminated areas and 
scavenging by other carbonate minerals plays a notable role in the immobilization of 
these contaminants. It is stipulated by these authors, however, that although the 







anticipated, the majority of Tl was seen associated with the Fe – Mn oxide/hydroxide 
fraction of the minerals (Boughriet et al. 2007).  
The forming of carbonates on the anthracite media during the Spiro pilot study 
and corresponding uptake of Tl, act in support of the hypothesis that Tl removal is aided 
by the presence of precipitating carbonates; it remains to be seen if the carbonates play a 
more vital role than the affinity between Tl and Mn oxides. Further study, therefore, was 
required to ascertain the importance of the presence of carbonates in the removal of Tl 







CHAPTER IV:  
 
PROJECT OBJECTIVES 
The overall objective of this project was to shed light on the removal of Tl from 
drinking water by pyrolusite. Literature suggested that the affinity between Tl and 
MnO2 is affected by changes in water quality. Additionally, preliminary study of 
pyrolusite and anthracite used during the pilot study at the Park City Spiro facility 
showed that the media was coated with calcite containing high concentrations of Tl, 
suggesting that carbonates may play an essential role in promoting the removal of Tl 
from drinking water. Therefore, the specific objectives of this study were:   
Objective 1: Characterize the mineral composition of used and unused filter 
media through X-ray diffraction (XRD) analysis, the elemental composition by total 
digestions and ICP-MS analysis, as well as the association of Tl removed from drinking 
water onto pyrolusite filter media from the Spiro pilot study, through sequential 
extractions. Anthracite used during the pilot study was also included in these analyses to 
characterize the role of calcite deposited on its surface in the removal of Tl.  
Objective 2: Determine whether the presence of carbonates enhances the 
removal and retention of Tl by pyrolusite. This was done through a set of batch 
adsorption studies under varying water quality conditions, with and without carbonate 
minerals fixed to the pyrolusite media, followed by partial sequential extractions to 







CHAPTER V:  
 
MATERIALS AND METHODS 
Experimental Overview 
In order to meet Objective 1, XRD analysis was conducted to characterize the 
starting conditions of all media. Total digestions and ICP-MS analysis characterized the 
elemental components of both used and unused media and sequential extractions of the 
used media were done to categorize the Tl previously retained during the pilot testing at 
Spiro by its association to operationally defined phases of the pyrolusite and anthracite 
minerals using a modified Amacher (1996) method. Quantification of carbonates as 
CO3-C on used media was done using a gravimetric method described by Loeppert and 
Saurez (1996). 
Objective 2 of the project was achieved through batch sorption studies using 
pyrolusite and anthracite with and without the carbonate coating that formed during use 
within the Spiro pilot testing. It was concluded that pH, Cl2, complexation by Cl-, and 
competition for sorption sites in the form of Ca+2 and K+ were the five factors most 
likely to affect Tl uptake and retention. Therefore, adsorption studies were done under 
three water qualities, one being un-manipulated Logan tap water (LTW) and the other 
two representing the assumed most and least challenging combinations of these five 
parameters, at levels likely to be seen in source drinking water or during treatment, to 







some understanding concerning the potential stability of the newly accumulated Tl, a 
second sequential extraction was done using the solids from the sorption study.  
Experimental Design 
Four media used in this study were: unused Pyrolox© pyrolusite media (Prince 
Corp, Houston TX), used pyrolusite media from the pilot study at Spiro in Park City 
(Figure 1), unused 1.25-1.35 mm e.s. anthracite (Xylem-Leopold, Zelienople, PA), and 
used 1.25-1.35 mm e.s. anthracite from the Spiro pilot study (Figure 10). The purpose 
of including the anthracite media throughout this study was to provide a basis for 
comparison within the adsorption study. The pyrolusite is expected to have a high 
capacity for Tl regardless of water quality because of its high adsorption capacity and 
specific affinity. Anthracite, on the other hand has a low CEC of 5.37 cmol+ /100 g; 
therefore, if there is significantly more Tl sorbed to the anthracite with carbonates than 
the anthracite without carbonates, it can be concluded that carbonates play a role in Tl 
removal. Both used-media fizzed with the release of CO2 when exposed to HCl, while 
the unused media did not, confirming the presence of carbonates.  
It is important to note that two types of pyrolusite were tested within the filter 
columns at the Spiro pilot study: Pyrolox©, manufactured by Prince Corporation, and 
AS-741 which is produced by ATEC Systems. There was no unused media left over at 
the end of the pilot study and it is unclear which of these media made up the bulk of the 
used sample provided by Park City for this study. Prince Corp. provided a 1 kg sample 







made between the used and unused pyrolusite media encompass only one of the media 
used during the pilot study.  
 
 
Figure 10. Four media used during the adsorption study from left to right, unused 
pyrolusite, used pyrolusite, unused anthracite, and used anthracite. Note the difference 
in particle size between the pyrolusite and the anthracite as well as the change in color 
between the darker unused (no carbonates present) and the lighter used (carbonates 
present).  
Within the sorption study, five factors were chosen as those likely to play a role 
in the sorption of Tl on the pyrolusite media: pH, Cl2, complexation by Cl-, and 
competition in the form of Ca+2 and K+. Sorption studies were done using water 
qualities predicted to promote and hinder the sorption of Tl onto pyrolusite media. 
LTW, left out over night to remove the Cl2, was used as the base water quality due to its 
low TIC concentrations relative to what is observed in Park City. LTW was designated 
as water quality A (WQA). It was determined, through review of current literature and 
the previous study of Park City’s DWDS (Friedman et al. 2015; Hammer 2018; 
Huangfu et al. 2017a; Huangfu et al. 2017b; Huangfu et al. 2015; Kent 2016; Nriagu 
1998; Wan et al. 2014; Wick et al. 2018) that a combination of low pH, low Cl2, and 







Tl sorption and retention; these conditions were designated as water quality B (WQB). 
A combination of high pH, high Cl2, and low potential for competition and 
complexation was expected to promote the sorption and retention of Tl and was used as 
water quality C (WQC). The limits for these five factors came from drinking water 
standards set by the USEPA or by the conditions present in the base water quality of 
LTW (Table 6). A summary of the experimental water qualities is presented in Table 7.  
Table 6. Logan tap water quality (WQA). 
Parameter Units Logan tap water (LTW) 
pH  7.6 
Cl2 (mg/L) 0.3 
Ca+2 (mg/L) 43.5 
K+ (mg/L) 0.4 
Cl- (mg/L) 1.3 
Alkalinity (mg CaCO3/L) 166 
Total Hardness (mg CaCO3/L) 200 
 
Table 7. High and low conditions proposed for desorption studies.  




pH 7.6 6.5 8.5 
Cl2 (mg/L) 0.02  0.2  4.0  
Ca2+ (mg/L) 43.5  135  43.5 
K+ (mg/L) 0.4  1.7  0.4  




The USEPA recommends that drinking water pH fall between 6.5 and 8.5 and 
that residual Cl2 be between 0.2 and 4.0 mg/L; these values acted as the high and low 
boundaries within the sorption study for these parameters. Additionally, these were the 







listed in Table 7. The high value for Ca2+ were chosen based on research of water 
systems in the U.S. and Canada that observed a high Ca+2 concentration of 135 mg/L 
(Morr et al. 2006); a concentration of 135 mg/L Ca+2 is also the concentration seen in 
the Spiro Tunnel source. The high value for Cl- of 250 mg/L is based on the secondary 
drinking water standard suggested by the USEPA (2016a). The low concentration for 
Cl- ranged from 1.6-34 mg/L Cl- because Tl was added in the form of TlCl. As K is not 
a commonly monitored constituent within drinking water, a value of 1.7 mg/L was 
chosen to reflect the concentration seen in Park City’s Spiro tunnel source.  
Prior to each of the sorption tests, the appropriate amount of Ca, K, Cl-, and Cl2 
were added to the aliquot of LTW. Following the confirmation of the Cl2 concentration, 
the water was dosed with Tl to achieve the desired concentrations of 2, 10, 20, 100 and 
200 mg/L and finally the pH was adjusted.  
The original intent of this project was to study desorption of Tl from the used 
pyrolusite medium with changes in water quality conditions through a full factorial 
experiment. Complications arose from the low levels of Tl removed under the various 
test conditions. To circumvent these complications and to simulate long-term use of 
pyrolusite, high concentrations of Tl were sorbed onto the media prior to desorption 
under various water quality conditions. Preliminary experiments showed a decrease in 
desorption with time that could not be explained. A more detailed explanation of why 
this experimental method was not pursued further within this study can be found in 








Ten replicates were used during the sequential extraction of the pyrolusite 
media. Triplicate samples of each media were used during the sequential extractions of 
the used anthracite, the sorption studies, and the partial sequential extractions of both 
used-media following the sorption study. Triplicates were also used during the 
gravimetric carbonate analysis. To eliminate metals contamination, glass and plastic 
ware were all rinsed in a solution of 50% HNO3, thoroughly rinsed with deionized 
water, and allowed to air-dry prior to the start of the experiments.  
Experimental blanks, made up of the desired water quality with no media and no 
added Tl, were used to ensure that no contamination of Tl was occurring during the 
experimental process. Additionally, blanks containing the desired water quality with 
added Tl, without media, were analyzed to confirm the concentrations of Tl and water 
quality were maintained through the experimental procedure. There was no evidence of 
Tl contamination or loss throughout this study and all tested constituents were measured 
within 90-110% of the targeted values. All instrumental analyses followed EPA 
protocol with inclusion of instrument blanks, continuing calibration verification 
samples, and matrix spike duplicates.  
Characterization of media 
The elemental compositions of the media were determined though total 
microwave digestions using a Milestone Microwave Digestion System (Model Ethos 
EZ, Shelton, CT) via USEPA (1996) Method 3052. The presence of carbonates on the 







following exposure of the sample to 3M HCl (Loeppert and Saurez 1996). The pH of 
the media was determined in a 1:5 media to water ratio, using a Fisher Scientific 
AccumetTM pH probe (Model XL25, Waltham, MA). 
X-ray Diffraction Analysis (XRD) 
X-ray diffraction analysis is capable of providing an image of the crystalline 
structures within a solid. Pyrolusite is a naturally mined ore containing 75-85% MnO2 
and anthracite is a very hard form of coal that contains greater than 86% fixed carbon 
(Kopp 2014; Premier Water Technologies 2011). The natural origin of these minerals 
allows for the possibility that additional trace minerals contribute to the overall 
crystalline structure of the media.  
Samples of the pyrolusite and anthracite material were sent to the Geology 
Department on the Utah State University campus where they were powdered and 
analyzed on a PANalytical X-ray diffraction system (Model X’Pert3 MDR (XL), The 
Netherlands). The following conditions were used during analysis: CuKα radiation, 45 
kV, 40 mA, step scanning at 0.01°/0.5 s in the range of 3 - 82° 2θ. Qualitative analysis 
was performed using X’Pert HighScore software.  
Sequential Extractions 
A modified sequential extraction procedure was used to fractionate the used 
pyrolusite and anthracite minerals into seven operationally defined phases: cation 
exchangeable, carbonate, organic matter, Mn oxides, non-crystalline Fe oxides, 







This sequential extraction method was developed for the analysis of soils 
(Amacher 1996). Analysis of the data generated from these sequential extractions on the 
used pyrolusite media revealed that only 1% of the total Mn was dissolved during the 
extraction of the Mn oxide phase defined by the Amacher method whereas 49% of the 
Mn was extracted with the non-crystalline Fe oxide step and 49% with the residual step 
(Appendix F, Figure F1). Based on these observations, it was concluded that while the 
method is effective in extracting metals from soil mineral phases, because pyrolusite is 
a crystalline Mn ore, the operational definitions set by the Amacher method are not 
appropriate. Therefore, for the purpose of this thesis, the phases were redefined by the 
strength of the reagents used and the reducibility of the metal oxide present (Table 8).   
The exchangeable and carbonate phases were not redefined, as extracting ions 
bound though simple exchange mechanisms or associated with carbonate minerals is 
unlikely to vary with the sample material. The reagent used during the organic 
extraction step chelates organically complexed metals has also been seen to extract 
amorphous metal oxides (Miller et al. 1986); the reagent used in the Mn oxide step of 
the Amacher method is also used in other extraction methods for the extraction of easily 
reducible metal oxides (Brannon and Patrick 1985; Gupta and Chen 1975); thus these 
two extraction steps were combined and redefined as the ‘easily reducible/complexed 
metal oxides’. The non-crystalline Fe oxide phase was redefined as the ‘moderately 
reducible metal oxide’ phase to account for the presence of crystalline and amorphous 







oxide phase’ and combined with the residual mineral phase. The distributions of other 
key components by the sequential extraction are given in Appendix F.   
Table 8. Sequential extraction method description for each operationally defined 
















1 M NH4Cl and 5mM (NH4)3-
PO4, pH 7 (20 mL). Shaken 2 
hrs at room temperature. 






1 M NH4OAc pH 5 (25 mL). 
Shaken 24 hrs at room 
temperature. 







0.1 M sodium pyrophosphate 
(35 mL). 
Shaken 12 hrs at room 
temperature (in the dark). 








0.1 M NH2OH.HCl pH 2 (25 
mL). 
Shaken 30 min at room 
temperature. Analysis: ICPMS 





0.25 M NH2OH.HCl+0.25 M 
HCl (25 mL). Shaken 2 hrs at 








0.3 M ammonium oxalate, 0.3 
M oxalic acid, 0.3 M ascorbic 
acid. 15 min boiling bath, 
repeat once. Analysis: ICPMS 
via Method 6020. Crystalline Oxide/ 
Residual 
Residual USEPA (2011) 
Digested in a microwave 
digestion system by Method 









Samples (1 g) were held in 50 mL round-bottomed centrifuge tubes and shaken 
on a Thermo Scientific MaxQ orbital shaker (Model 430, Waltham, MA) for times 
specified in Table 8. Following each extraction step, samples were centrifuged in a 
Beckman centrifuge (Model J2-21, Brea, CA) for 20-minutes at 10,000 rpm to improve 
the separation of solids and supernatant prior to decanting. Following each extraction 
step, the tubes were weighed to account for the residual solution left from the previous 
step in the final calculations.  
After samples were centrifuged, the supernatant was filtered using a 0.2 μm 
Environmental Express syringe filter (Item # SF020N, Charleston, SC), preserved with 
HNO3, and analyzed on an Agilent ICP-MS (Model 7700x, Santa Clara, CA) by 
Method 6020 (USEPA 2014b). The residual solids of the extraction process underwent 
microwave digestion via USEPA (1996) Method 3052 and were, likewise, analyzed via 
ICP-MS by Method 6020.  
Sorption Study 
Adjustments to the test parameters were conducted prior to the addition of the 
media. To adjust each of the parameters, the following protocols were used: 
pH: pH was increased and decreased using 1M NaOH and concentrated HNO3, 
respectively. Following the initial adjustment, pH was monitored and adjusted until in 
the range of ± 0.2 pH units from the desired value. As changes made to the other water 
quality parameters had the potential to affect the pH, this was the last parameter to be 
modified before the addition of the media. No buffer was used following the addition of 







Cl2: Prior to adjustment, LTW was left open to the air overnight to allow any 
Cl2 present in the water to off gas. Chlorine concentrations were adjusted to 0.2 and 4 
mg/L using sodium hypochlorite (Clorox® Bleach). Levels of Cl2 were confirmed 
before and after shaking using a Hach spectrophotometer (Model DR-2800, Loveland, 
CO) (HACH Method 8167).  
Ca2+: To achieve the desired Ca+2 concentrations, CaCl22H2O was added. In 
order to achieve the desired high condition of 135 mg/L Ca+2, the addition of 338.1 
mg/L of CaCl22H2O was required. No additional Ca2+ was required to meet the low-
level condition. 
K+: KCl was used to adjust the K+ concentrations in solution. To achieve the 
proposed high concentration for K+ of 1.7 mg/L, 3.22 mg/L KCl was added. LTW 
contains <0.5 mg/L K+ and therefore, no manipulation is necessary to meet the low-
level condition.  
Cl-: In order to minimize the potential matrix effects caused by the significant 
increase in Na+ associated with adding 200 mg/L Cl- as NaCl might have on the 
experiment, chloride salts were used when adjusting the Tl, Ca+2, and K+ in WQB. 
Through the addition of Ca2+ and K+ as CaCl2 and KCl, 165.5 mg/L Cl- was added to 
solution. Within all of the tested water qualities, Tl concentrations were adjusted using 
TlCl as a result, the concentrations of NaCl required to reach the desired Cl- 
concentration of 200 mg/L were 56.64, 54.37, 51.52 and 28.77 mg/L for the Tl 







NaCl, was required for the 200 mg/L Tl condition. In WQA and WQC, the 
concentration of Cl is a range dependent on the concentration of Tl added (Table 7). 
Within a treatment system, granular filtration columns or beds will have a mass 
to volume ratio greater than one; however, this is not ideal for batch adsorption studies 
as it limits mixing and mass transfer potential. Preliminary studies testing mass to 
volume ratios of 1:1, 1:2, 1:5, and 1:10, in LTW, confirmed using an ANOVA (p = 
0.18) that the same amount of Tl was released into solution over a 24 hours period 
regardless of the ratio. While these preliminary ratio tests were conducted with 
desorption in mind, the conclusion that adequate mixing occurs at all tested ratios can 
appropriately be applied to the sorption studies. Therefore, within this study, a mass to 
volume ratio of 1:2 was used to provide enough volume for analysis while maximizing 
the ratio without preventing adequate mixing.  
Therefore, in 50 mL centrifuge tubes, a 15 g sample of media was shaken in 30 
mL of the desired water quality containing 2, 10, 20, 100, or 200 mg/L Tl, added as 
TlCl, for 24 hours at 150 osc/min. Although equilibrium between pyrolusite and Tl was 
achieved in 2 hours, a 24-hour shaking period was used for the sake of convenience and 
to allow for adequate time for steady-state conditions to occur between the anthracite 
and Tl.  Following the shaking period, samples were centrifuged at 10,000 rpm for 20 
minutes, effectively separating the solids from the liquid; the supernatant was then 
filtered through a 0.2 μm syringe filter. A 10 mL portion of the liquid sample was 
required for residual Cl2 analysis, which was conducted using a Hach 







was used for pH measurements using a Fisher Scientific AccumetTM pH probe by EPA 
method 150.3 and Cl- analysis on a Dionex IC-3000 by EPA method 300.0.  The 
remainder of the supernatant was preserved using HNO3 and analyzed for K+, Ca+2, and 
Tl on ICP-MS using method 6020.  
Following the sorption process, triplicate 1 g samples of the media loaded at 2 
and 200 mg/L Tl in WQA (LTW) underwent the first two steps of the sequential 
extraction process described previously. The purpose of only doing the first two steps 
rather than a full extraction was to determine the portion of the newly added Tl 
associated with the labile phase (exchangeable and carbonate) and through differences, 
calculate the portion associated with the stable or recalcitrant mineral phases. 
Data Analysis 
Langmuir and Freundlich nonlinear regressions were applied using the statistical 
program R. The best-fit model was chosen based on plotted residuals and predicted 
versus observed qe values (Appendix D).  
The Langmuir sorption isotherm model provides information on the sorption 
capacity of a sorbent. The assumptions for this model are that the system is in 
equilibrium, the sites are homogeneous and equally probable and that a single layer of 
sorption will occur. In Equation 3, which describes this model, Qmax represents the 
sorption maximum at equilibrium, while b is representative of the binding energy 

















The Freundlich model is an empirical formula that is best applied when the 
sorbent in question is heterogeneous and is represented by Equation 4, where Kf and N 
are the Freundlich parameters for sorption capacity and intensity, respectively 
(Crittenden et al. 2012).  
#( ) = $% ∗ '#(

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)      (4) 
Best fit of the two models was based on residual sum of squares, plotted 
residuals and predicted versus observed qe values. A summary of these parameters can 
be found in Appendix D of this report. Significant differences based on media type and 
water qualities were determined using 95% confidence intervals of the Kf for each 
generated model.  
Where appropriate, t-tests, ANOVA and Tukey’s honestly significant difference 
multiple comparison analysis were applied using R to determine differences in water 
quality constituents following treatments. Correlation analyses were also done to 









CHAPTER VI:  
 
RESULTS AND DISCUSSION 
Characterization of Filter Media 
 Microwave digestions were used to determine the total initial Tl content of the 
used and unused pyrolusite and anthracite media (Table 9). The minimum reportable 
limit (MRL) on the ICP-MS used to analyze these digestions is 0.06 µg/L Tl, which 
equates to approximately 0.006 mg/kg.  
Table 9. Initial total Tl concentration on the four tested media. 
Media Tl (mg/kg) 
Unused Pyrolusite 2.17 ± 1.02 
Used Pyrolusite 99.2 ± 11.5 
Unused Anthracite < 0.006 
Used Anthracite 12.9 ± 2.09 
 
 
In order to determine how the Tl removed during the Spiro pilot study was 
associated with the used pyrolusite and anthracite media, sequential extractions were 
conducted. The used pyrolusite is 393 g/kg Mn, with the Mn distributed between the 
moderately reducible oxides (49%) and crystalline/residual mineral fractions (49%) 
(Figure F1). Tl was not associated with exchange sites of the used pyrolusite in support 
of the literature that shows inner sphere complexation of Tl with Mn oxides (Wan et al. 
2014) (Figure 11). These Mn oxides, which make up the moderately reducible, 
crystalline oxide and residual mineral phases (Figure F1) and have a well-documented 
affinity for Tl (Bidoglio et al. 1993; Jacobson et al. 2005; Wan et al. 2014) retained 36.5 







The majority of the Tl (46.6 ± 2.2%), however, was associated with carbonate 
minerals. The same was true of the anthracite media, where 67 ± 0.4% of the Tl was 
associated with the carbonates (Figure 11). It is possible that this Tl is associated on the 
surface of the mineral through inner sphere complexes with the carbonate or media 
surface or was incorporated into the crystalline lattice of the carbonate and therefore, 
was not removed during the exchangeable extractions. A preferential association 
between Tl and carbonates has been documented in studies of the dynamics of Tl in 
contaminated pyrite slags, sediments, and various soil types (Boughriet et al. 2007; 
Vaněk et al. 2010; Yang et al. 2005). It is suggested by Vaněk et al. (2010) that, within 
soils enriched with carbonates, partial dissolution of carbonates will be followed by the 
coprecipitation of Tl with newly forming carbonates.  
Another potential explanation for the high association of Tl with the carbonate 
mineral phase is capping of Tl sorbed to the pyrolusite surface by precipitating calcite, 
ultimately preventing interactions between Tl and the solution phase (Galvez-Cloutier et 
al. 2006).  
Qualitative data provided by the XRD analysis of used pyrolusite confirmed that 
the pyrolusite was in the form of MnO2 (Figure B1 and B2). The presence of calcite on 
the pyrolusite surface was also confirmed (Figure B1). The unused pyrolusite and both 
used and unused anthracite media showed that crystalline carbonates did not contribute 
to the mineral structure. While an acid test did indicate the presence of carbonates on 
the used anthracite, there were no detectable crystalline carbonates (detection limit 3-








Figure 11. Distribution of Tl as defined by sequential extractions expressed in terms of 
percent of total for pyrolusite and anthracite media used during the Spiro pilot study 
which was determined to be 120 ± 4.27 and 13.5 ± 2.09 mg/kg, respectively.  
The average CO3-C content was determined to be 1.84 ± 0.17 and 1.15 ± 0.08% 
by weight for the used pyrolusite and anthracite, respectively. The difference in 
carbonate material on the used pyrolusite and anthracite provided by both the 
gravimetric and XRD analysis can be explained by the fact that the pyrolusite was in 
use three times longer than the anthracite during the pilot study, allowing for not only 
more carbonates to form, but for those carbonates to become more crystalline and 






























unused pyrolusite, however, it can be resolved that carbonates on the used media were 
formed within the filter columns at the Spiro pilot plant and were not a part of the media 
to begin with. This hypothesis was further tested using the chemical equilibrium 
software Visual MINTEQ, which confirmed that under the water quality conditions 
reported during the Spiro pilot study and conditions in LTW, calcite would precipitate, 
respectively, between pH values of 7.4 and 8.4 (Table E3) and 7.6 and 8.4 (Table E6). 
An average concentration of 64,300 ± 1,400 mg/kg of Ca+2, 89% of the total Ca+2 
(Figure F4) was release during the sequential extraction of the carbonates from the 
pyrolusite media as compared to 0.47 ± 0.01 mg/kg for Mg+2; therefore, the formation 
of dolomite was not considered during the chemical modeling and the main form of 
carbonate minerals on the media was assumed to be in the form of calcite. This 




A summary of the Freundlich capacity (Kf) and intensity (N) parameters for all 
tested media and water quality conditions, along with their respective 95% confidence 
intervals is presented in Table 10. An example of the sorption study results with the 
applied Freundlich model of the unused pyrolusite under the three tested water quality 
conditions are presented graphically in Figure 12. The remaining isotherms are 
presented in Appendix C and a summary of the factors concerning the goodness of the 







are presented in Appendix D. Based on the criteria for the best fit model, either the 
Freundlich or the Langmuir model could be considered appropriate for these data; thus, 
the parameters for the Langmuir model with their respective 95% confidence intervals 
are also displayed (Table 11). However, comparisons made throughout this study 
between tested media and water quality conditions were based on application of the 
Freundlich model and its parameters. It should be noted that the model parameters 
calculated for pyrolusite in this experiment are an order of magnitude smaller than those 
seen for birnessite by Huangfu et al. (2015) and Wan et al. (2014) as might be expected 
based on their different mineral characteristics (Table 3).  
Table 10. Summary of the Freundlich adsorption capacity (Kf ((L/mg)N (mg/g)) and 
intensity (N) parameters.  
Media Water Quality Kf 95% CI N 95 % CI 
Unused 
Pyrolusite 
A 0.715 0.697-0.733 0.553 0.535-0.571 
B 0.557 0.545-0.570 0.533 0.514-0.551 
C 0.496 0.470-0.523 0.442 0.400-0.485 
Used Pyrolusite 
A 3.560 2.179-4.942 0.673 0.566-0.780 
B 2.250 1.500-2.999 0.616 0.511-0.721 
C 2.304 1.102-3.505 0.621 0.461-0.782 
Unused 
Anthracite 
A 0.025 0.019-0.032 0.520 0.454-0.586 
B 0.019 0.012-0.025 0.571 0.492-0.651 
C 0.024 0.010-0.038 0.477 0.337-0.616 
Used Anthracite 
A 0.031 0.022-0.041 0.417 0.345-0.489 
B 0.025 0.021-0.029 0.527 0.486-0.568 











Table 11. Summary of Langmuir adsorption parameters, Qmax (mg/g) and b (L/mg). 
Media Water Quality Qmax 95% CI b 95% CI 
Unused 
Pyrolusite 
A 0.658 0.574-0.676 4.62 3.283-5.953 
B 0.592 0.523-0.661 3.82 2.750-4.894 
C 0.496 0.456-0.536 6.51 4.905-8.121 
Used Pyrolusite 
A 0.644 0.551-0.737 39.9 28.0-51.8 
B 0.592 0.537-0.647 34.5 26.9-42.0 
C 0.643 0.491-0.795 28.5 14.5-42.4 
Unused 
Anthracite 
A 0.327 0.315-0.339 0.033 -0.013-0.079 
B 0.349 0.279-0.419 0.023 0.013-0.033 
C  0.250 0.197-0.303 0.043 0.015-0.071 
Used Anthracite 
A 0.225 0.202-0.248 0.074 0.043-0.105 
B 0.369 0.288-0.450 0.025 0.012-0.038 
C 0.315 0.260-0.370 0.043 0.021-0.065 
 
 
Figure 12. Average Tl removed onto the unused pyrolusite solid (qe (mg/g)) vs. 
equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in three 
water qualities. Error bars represent the standard deviations for measured Ce and 
calculated qe (error associated with the qe values are smaller than the symbols). Note: 
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The used and unused pyrolusite both removed more Tl than the anthracite 
media, with Kf values up to 2 orders of magnitude higher (Table 10). These results are 
in line with those seen during the Spiro pilot study where dual media sand/anthracite 
filter columns were decommissioned after two months since only partial removal of Tl 
from solution was observed (Swaim and Emerson 2016). The reported surface areas for 
anthracite is 1.4 m2/g (Huber et al. 2016) as compared to 25.9 m2/g for natural 
pyrolusite (Thi Hue and Hoang Tung 2017). Additionally, pyrolusite has a higher CEC 
(70 cmol+ /100 g for synthetic pyrolusite versus 5.37 cmol+ /100 g for anthracite) and 
Mn oxides in general have a known affinity for Tl (Bidoglio et al. 1993; Boughriet et al. 
2007; Grösslová et al. 2015; Huangfu et al. 2017a; Huangfu et al. 2015; Jacobson et al. 
2005; Lukaszewski et al. 2018; Vaněk et al. 2010; Vaněk et al. 2009; Voegelin et al. 
2015; Wan et al. 2014). The used pyrolusite, with carbonates on its surface, had Kf 
values four times as high as those of the unused pyrolusite under all water quality 
conditions (Table 10), suggesting that the sorption capacity is increased. In regards to 
the applied Langmuir model, for the used pyrolusite, the values for b are between 5 and 
10 times higher than the values for the unused pyrolusite (Table 11); as this constant is 
directly related to the affinity between sorbate and sorbent, it can be concluded that the 
presence of carbonates significantly changes the sorptive surface of the pyrolusite. An 
example of the difference seen between the used and unused pyrolusite is shown in 









Figure 13. Average Tl removed onto the used and unused pyrolusite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
WQA. Error bars represent the standard deviations for measured Ce and calculated qe 
(error associated with the qe values are smaller than the symbols).    
 Sorption of Tl by anthracite was comparable to that of Cu and Zn seen by Huber 
et al. (2016). The purpose of using the anthracite throughout these studies was 
specifically to determine whether the presence of carbonates increased the amount of Tl 
sorbed. Anthracite has a CEC of 5.37 cmol+ /100 g as determined by Huber et al. (2016) 
with no documented affinity for Tl and carbonates have been seen to immobilize not 
only Tl, but Cd, Pb, Cu and other heavy metals (Boughriet et al. 2007; Cabral and 
Lefebvre 1998; Wen et al. 2018); thus, an increase in the Tl removed by used anthracite 
could be attributed to the presence of the carbonates. However, although the Kf values 
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improved the removal of Tl by anthracite (Table 10). Used anthracite had an average 
CO3-C content of 1.15 ± 0.08% by weight, but these carbonates were too amorphous to 
be detected by XRD. It could be that the lack of a crystalline structure limited the 
enhanced projected sorption capacity seen in the case of the pyrolusite.  
Water Quality Effects 
It was hypothesized that water quality would impact sorption on all of the tested 
media and that the greatest effects would be seen in the anthracite media, as it has no 
specific affinity for Tl. Based on the calculated 95% confidence intervals of the Kf 
parameters, however, the only media that showed a reaction to changes in water quality 
was the unused pyrolusite media (Table 10, Figure 12).  
It was expected that differences in Tl sorption based on water quality would be 
seen as an increase in Tl uptake in WQC (pH 8.5, high Cl2, low Ca, K, and Cl-) and a 
decrease in WQB (pH 6.5, high Ca, K, and Cl-) compared with LTW (WQA). This was 
not the case; instead, for the unused pyrolusite, the highest sorption of Tl was seen 
under WQA (LTW) and the lowest in WQC (Table 10).  
pH Response 
The pH also did not behave as anticipated. No buffer was used during the 
sorption study and thus, the pH of the solution was subject to change with the pH of the 
media. The observed pH changes over the 24-hour experimental period are shown in 








Table 12. Initial pH of the media and observed changes in pH following the sorption 
study. The pH for water qualities A, B and C was set at 7.6, 6.5 and 8.5, respectively, 
prior to addition of solids. 
Media Water Quality Media pH 
Solution pH  




7.85 ± 0.3 
B 6.74 ± 0.5 




8.23 ± 0.1 
B 7.32 ± 1.3 




3.93 ± 0.1 
B 4.09 ± 0.3 




6.78 ± 0.1 
B 7.74 ± 0.2 
C 7.38 ± 0.6 
 
 
While the use of a buffer would have led to stronger conclusions about the 
effects changes in water quality have on the sorption of Tl by pyrolusite media, the 
resulting data are telling of the complex behavior of Tl with these media. The initial pH 
of the unused anthracite media was 3.66, which effectively lowered the pH of the added 
solutions to approximately 4 (Table 12), regardless of the starting water quality. The 
used anthracite was coated with amorphous carbonates and thus the pH was measured 
to be 8.55, resulting in a neutral pH in the supernatant following sorption (Table 12). 
Typically, depressed sorption of cationic metals would be expected at lower pH; studies 
looking at the sorption of Zn, Cu, and Ni on to anthracite have confirmed this (Huber et 
al. 2016). Despite the significant differences in media and final solution pH, the amount 
of Tl sorbed by both anthracite media was statistically the same (Table 10). Correlation 







the presence of the anthracite media (r = 0.02, p = 0.883). A negative correlation was 
seen between pH and Tl in solution for the unused and used pyrolusite (r = -0.25 and p 
= 0.014) as expected (EQN 2) (Huangfu et al. 2015; Wan et al. 2014; Wick et al. 2018). 
Response of Ca+2 
Preliminary studies showed that at Tl concentrations of environmental 
significance (ng/L-µg/L range), no reaction resulting from changes in water quality or 
due to the presence of carbonates on the pyrolusite surface could be observed due to the 
extremely high sorption capacity of the media (Appendix A, Figure A1). Therefore, the 
decision was made to use concentrations of Tl ranging from 2 to 200 mg/L. However, 
the concentrations of K+ and Ca+2 to be used during the experiments were not increased 
proportionally. Thus, the ratio of K+ and Ca+2 to Tl was not large enough to say whether 
the presence of K+ and Ca+2 had a measureable effect on the sorption of Tl. As with the 
pH, interesting characteristics of the media can be ascertained from the changes in the 
solution concentrations of K+ and Ca+2 in response to changes in Tl over the course of 
these sorption experiments.  
Under the three tested water qualities, the solution concentration of Ca+2 was 
decreased by the unused pyrolusite showing sorption of the added Ca+2 with less Ca+2 
sorbed at the higher dosing of Tl (Figure 14). For the used pyrolusite, there was a 
release of Ca+2 at the higher dosing of Tl in WQA. In WQB Ca+2 was sorbed by the 
media, with less sorption taking place as the Tl concentration was increased. Under the 
conditions of WQC, the used pyrolusite progressively released more Ca+2 into solution 









Figure 14. Solution concentrations of Ca+2 following the 24-hour sorption study with 
the used and unused pyrolusite media under three water quality conditions versus the 
initial Tl concentrations. Bars connected by the same letter within each media/water 
quality combination are not significantly different by Tukey HSD (α=0.05). Initial Ca+2 
values are the measured solution concentrations in WQA (39.5 ± 1.4 mg/L), WQB (124 
± 4.5 mg/L), and WQC (43.9 ± 4.2 mg/L). *Indicates a statistical difference from the 







The fact that the unused pyrolusite sorbed and held Ca+2 from all the tested 
water qualities, regardless of the initial Tl dose, is verification of the high sorption 
capacity of this media. A negative correlation (r = -0.67, p = 6.12E-07) between pH and 
Ca+2 was observed for the unused pyrolusite; however, no relationship was seen 
between Tl and Ca+2.  
The release of Ca+2 under WQA and WQC by the used pyrolusite with increased 
Tl concentration shows a preference for Tl over Ca+2 by either MnO2 or carbonates, 
both of which would be supported by current literature (Huangfu et al. 2017a; Huangfu 
et al. 2015; Vaněk et al. 2010; Wan et al. 2014; Yang et al. 2005). A correlation was 
seen between Tl and Ca+2 on the used pyrolusite (r = 0.35, p = 0.019). Sequential 
extractions from before and after the sorption experiment (Tl = 200 mg/L) performed 
only for WQA showed a reduction in the Ca associated with the carbonate phase of 
5,760 ± 2,450 mg/kg (Appendix F, Figure F4 and F5) and a negative correlation was 
seen between Ca+2 and pH for used pyrolusite (r = -0.82, p = 4.13E-12), indicating that 
the increase solution concentration for Ca+2 was due to the dissolution of carbonates 
during the study period; however, no difference in pH with relation to Tl was observed. 
The lack of a release of Ca+2 in WQB where the initial concentration of Ca+2 was much 
higher than that of WQA and WQC, suggests that the higher solution concentration of 
Ca+2 in WQB stabilized the carbonates on the surface of the used pyrolusite resulting in 
no dissolution.   
The added Ca+2 was not significantly affected under any of the tested water 







Tl (Figure 15). A release of Ca+2 from the used anthracite, significantly higher than any 
seen from the used pyrolusite was seen in all three water qualities. In WQA, the Ca+2 
concentration was unaffected by the increased presence of Tl. In WQB and WQC, 
however, the concentration of Ca+2 increased at the higher dosing of Tl (Figure 15).  
The lack of response of Ca+2 in the presence of the unused anthracite verifies the 
assumption that this media is not a particularly efficient sorbent. The significant release 
of Ca+2 from the used anthracite could, in part, be due to dissolution of carbonates on 
the anthracite surface. Sequential extractions conducted on used anthracite after the 
sorption experiment (Tl = 200 mg/L) performed only for WQA, showed an increase in 
the Ca+2 associated with the carbonate phase of 12,700 ± 3,700 mg/kg, indicating that 
Ca+2 may have precipitated or was sorbed onto the media surface during the study 
period (Appendix F, Figure F14 and F15). These contradictory results could be 
explained by a lack of homogeneity in the test samples. A correlation did exist between 
pH and Ca+2 (r = 0.54, p = 2.60E-04), but it showed increased solution concentration 
with increasing pH (from 6.6-8.0) which is opposite of what would be expected were 
Ca+2 to have been precipitating. The release of Ca+2 could also be evidence of a 
preferential association between Tl and carbonates, as it would not be expected that 
anthracite would exhibit such preferential behavior. A correlation between Tl and Ca+2 
was observed (r = 0.36, p = 0.019). As with the used pyrolusite, there was no correlation 










Figure 15. Solution concentration of Ca+2 following the 24-hour sorption study with the 
used and unused anthracite media under three water quality conditions versus the initial 
Tl concentration. Bars connected by the same letter within each media/water quality 
combination are not significantly different by Tukey HSD (α=0.05). Initial Ca+2 values 
are the measured solution concentrations in WQA (39.5 ± 1.4 mg/L), WQB (124 ± 4.5 
mg/L), and WQC (43.9 ± 4.2 mg/L). *Indicate statistical difference from the initial 







Response of K+ 
In observing the response of K+ during these sorption studies, it was seen that 
the unused pyrolusite under WQB removes approximately 0.5 mg/L when the initial Tl 
concentration was low (2, 10, and 20 mg/L). However, at initial Tl concentrations of 
100 and 200 mg/L, the concentration of K+ increased (Figure 16). Similar responses 
were seen from the unused pyrolusite in WQA and WQC, with little to no releases of K+ 
at the lowest three initial Tl concentrations and significant increases in K+ 
concentrations (Figure 16).  
A Dunnett test was used to confirm that in WQA, the used pyrolusite released a 
small concentration of K that remained consistent with changes in Tl concentration. 
Under the conditions of WQB, the used pyrolusite decreased the concentration of K+ 
and remained unaffected by the increased Tl concentrations (Figure 16). In WQC, a 
release of K+ by the used pyrolusite that increased with the dose of Tl was observed; 
however, this release was not as significant as that seen by the unused pyrolusite in 
WQC.  
Total digestions of the unused pyrolusite media showed an average total 
concentration of K+ of 6,710 ± 577 mg/kg, which explains the source of the release of 
K+ by the media during these sorption studies. The fact that the release of K+ increases 
as the initial Tl concentration increases signifies a preferential association for Tl over 
K+ by this MnO2 media (Friedman et al. 2015; Hammer 2018; Jacobson et al. 2005; 
Vaněk et al. 2010; Yang et al. 2005). This conclusion is further supported by a strong 








Figure 16. Solution concentration of K+ following the 24-hour sorption study with the 
used and unused pyrolusite media under three water quality conditions versus the initial 
Tl concentration. Bars connected by the same letter within each media/water quality 
combination are not significantly different by Tukey HSD (α=0.05). Initial K+ values 
are the measured concentrations for WQA (0.36 ± 1.39 mg/L), WQB (1.73 ± 0.07 
mg/L), and WQC (0.43 ± 0.05 mg/L). *Indicates a statistical difference from the initial 







The minimal response in K+ from the used pyrolusite could indicate a limited 
affinity to calcite by K+. During its time in use at the Spiro pilot study, the total 
concentration of K+ on the surface of the pyrolusite decreased to 4,730 ± 257 mg/kg; of 
that total concentration 97% of it was associated with the residual, and easily and 
moderately reducible mineral fractions, indicating that carbonates do not sequester K+ 
in the way that they do Tl.  It is possible that a significant concentration of K+ on the 
unused pyrolusite is held by labile phases of the mineral and that during its application 
at the Spiro pilot study, the K+ was released, which would explain the difference 
between the total concentration on the used and unused. Sequential extractions from 
before and after the sorption experiment (Tl = 2 mg/L) performed only for WQA, 
showed a decrease in the K+ concentration associated with the carbonate phase 
(Appendix F, Figures F6 and F7), likely due to this limited affinity or dissolution of 
carbonates, as negative correlation was observed between K and pH (r = -0.78, p = 
2.337E-10). 
For the unused anthracite in WQA, the concentration of K+ did not respond to 
changes in the initial Tl concentration in a consistent manner. At initial concentrations 
of Tl between 2 and 100 mg/L, in WQB, the unused anthracite removed a small 
concentration of K+; no apparent affects were seen at an initial Tl concentration of 200 
mg/L (Figure 17). In WQC, a decrease in K+ was seen at the lower tested concentrations 
of Tl with an increase occurring at Tl concentrations of 100 and 200 mg/L. The used 
media, on the other hand, release progressively more K+ as the initial Tl concentration 








Figure 17. Solution concentration of K+ following the 24-hour sorption study with the 
used and unused anthracite media under three water quality conditions versus the initial 
Tl concentration. Bars connected by the same letter within each media/water quality 
combination are not significantly different by Tukey HSD (α=0.05). Initial K+ values 
are the measured solution concentrations of WQA (0.36 ± 1.39 mg/L), WQB (1.73 ± 
0.07 mg/L), and WQC (0.43 ± 0.05 mg/L). *Indicates a statistical difference from the 







Very little K+ was accumulated on the anthracite media during the Spiro pilot 
test. The average concentration of total K+ on the used and unused anthracite was 683 ± 
160 and 728 ± 58.6 mg/kg. From sequential extractions of the used material, 
approximately 94% of that K+ was associated with the recalcitrant fraction of the 
mineral and would not be affected by minor changes in water quality. Of the remaining 
7% of the K+ on the used anthracite, 52% was associated with the carbonate phase of 
the mineral (Appendix F, Figure F17). It can be resolved that the release of K+ by the 
used anthracite under all three water quality conditions is due to a preferential 
association for Tl over K+ by carbonates on the media surface, as such a release was not 
seen from the unused anthracite (Figure 17). As with the used pyrolusite, a correlation 
was observed between Tl and K+ (r = 0.34, p = 0.029). It could also be suggested that 
K+ associated with the carbonates on the used anthracite surface was released with the 
dissolution of those carbonates, as a strong correlation was also seen between K+ and Ca 
(r = 0.87, p = 9.19E-14). Sequential extractions from before and after the sorption 
experiment (Tl = 2 mg/L) performed only for WQA showed an overall increase in the 
concentration of K associated with the carbonate mineral phase (Appendix F, Figure 
F17 and F18) showing further that K was not affected at the low initial concentration of 
Tl.  
Response/Influence of Cl2 
For all tested conditions, final Cl2 concentrations were measured to be between 
0 and 0.02 mg/L. In the initial phase of the Spiro pilot study, a Cl2 dose of 2.75 mg/L 







be about 1.30 mg/L (Swaim and Emerson 2016). The contact time applied during these 
experiments (24 hours) was significantly greater than that seen in the pilot filter 
columns (2-5 minutes) providing an explanation for the increased degradation of the 
added Cl2 concentration. While increased Tl sorption was not seen in the presence of 
increased Cl2 concentrations, two hours after 200 mg/L Tl was added to stock solutions 
containing approximately 4 mg/L Cl2, a brown precipitate formed and settled to the 
bottom of the flask. The same phenomenon was observed in the stock solutions 
containing 2, 10, 20, and 100 mg/L although their formation occurred in a matter of 
days rather than hours. While it is likely this precipitation occurred within all of the 
tubes during the sorption study using the aggressive water quality, it is difficult to 
distinguish between precipitation and sorption reactions and therefore these effects were 
not quantified. It is speculated that this could be a Tl+3 solid; however, further study is 
required to determine the composition of this precipitate, the specific factors that lead to 
its formation, and the potential effect its formation might have on filtration.   
Response/Influence of Cl- 
The presence of Cl- had no effect on the results of the sorption studies nor was 
there any change in the Cl- concentration following the sorption experiments. The log K 
value for complex formation between Tl+ and Cl- is relatively low at 0.52. Between Cl- 
and Tl+3, the stability constant for complex formation is significantly increased to a 
range of log K = 8.14-18.00, depending on the prevalence of Cl- ligands in solution 
(Table 1). Thus, complexation between Cl- and Tl must be preceded by the oxidation of 







project when the proposed experimental design included a full factorial desorption 
study, the high and low water quality conditions would be tested in all possible 
combinations which would include a condition in which high Cl2 could promote the 
oxidation of Tl+ and high Cl- would result in increased complexation those Tl+3 ions. 
When the study evolved to look at only the suspected most and least aggressive water 
quality conditions, the water quality combination that included both high Cl- and high 
Cl2 was no longer being tested and therefore, no impact in Cl- or Tl concentrations due 
to complexation could be expected.  
Thallium Stability 
The determination of the stability of the Tl on the pyrolusite media is crucial to 
the mass application of this treatment method within public drinking water treatment 
facilities. Unstable associations between the Tl and pyrolusite media would likely result 
in release of Tl into the DWDS as a result of small changes in water quality, putting 
consumers at risk. Therefore, the first two steps of the modified Amacher sequential 
extraction method were conducted on 1 g samples of pyrolusite media loaded under the 
WQA (LTW) conditions with 2 and 200 mg/L Tl. The first two extraction steps provide 
information concerning the phases most likely to be affected by water quality changes 
the might be seen within a drinking water treatment facility; this fraction could be 
categorized the labile, or mobile, phases of the mineral while the Tl remaining on the 
surface could be labeled as stable or recalcitrant (Kent 2016; Peng et al. 2012). 
The initial distribution of the Tl on the used material from the Spiro pilot study 







fractionation in different soil types, Vaněk et al. (2010) saw a reduction in the labile Tl 
fraction over a 6-month period of wet/dry incubation in Mn and carbonate rich soils, 
signifying stabilization of Tl over time. The media received from Park City was held in 
damp conditions for 9 months; hence, extractions were repeated on the used media in 
January 2018 to evaluate any changes of Tl mineral associations over time and confirm 
or reestablish the distribution of the Tl within these solids (Figure 18).  
In the space of 9 months, the association of Tl was seen to have shifted from the 
labile mineral phases of the pyrolusite (Figure 18). T-tests confirmed statistically 
significant reductions occurred in Tl concentrations within the exchangeable (-0.1%), 
carbonate (-1.2%), and moderately reducible oxides (-2.3%) phases. No statistically 
significant changes were seen in the residual or easily reducible fraction of the mineral. 
It is likely that as this media aged, Tl relocated to the residual phase of the media; 
however due to the lack sensitivity of the microwave digestion method used to 
determine the composition of the residual fraction, it was not seen. 
Tables 13 and 14 present the results of the partial sequential extractions, for 
unused and used pyrolusite reacted with 2 and 200 mg/L Tl, respectively. The mass of 
Tl sorbed to the media was calculated using the equilibrium concentrations measured 
following the sorption step. Only Tl added during the sorption step was considered 
during this portion of the study. The fraction of Tl already associated with each mineral 
phase of the used media, as established by the most recent sequential extractions were 










Figure 18. Comparison of Tl distributions in used pyrolusite media from 2017 to 2018. 
Total Tl concentration was 120 ± 4.27 and 99.6 ± 2.40 mg/kg, respectively. Error bars 
are equal to one standard deviation (n=10 and 3, respectively). 
Table 13. Distribution of Tl added during the sorption step under WQA. Initial Tl 
solution concentration was 2 mg/L.  
Unused Pyrolusite Used Pyrolusite 
Average Std. Dev. Average Std. Dev. 
mg/kg mg/kg mg/kg mg/kg 
Total Tl Added 4.07 5.90E-05 4.06 4.52E-04 
Exchangeable 0.08 0.01 0.25 0.14 
Carbonate 0.44 0.02 -13.5 1.42 

































Table 14. Distribution of Tl added during the sorption step under WQA. Initial Tl 
solution concentration was 200 mg/L. 
Unused Pyrolusite Used Pyrolusite 
Average Std. Dev. Average Std. Dev. 
mg/kg mg/kg mg/kg mg/kg 
Total Tl Added 445 0.03 445 0.01 
Exchangeable 25.5 1.76 2.16 0.30 
Carbonate 117 5.14 152 12.3 




Under the low loading condition (Table 13), less than 12.7 ± 0.50 and 6.15 ± 
0.4% of the newly added Tl was associated with the labile mineral phases of the unused 
and used pyrolusite media, respectively. Under the high loading condition (Table 14), 
32.2 ± 1.50 and 34.6 ± 2.74% of the Tl was sorbed to the labile mineral phases of 
unused and used media, respectively.  
Unused pyrolusite showed associations of the sorbed Tl with the carbonate 
phases of the mineral; however, because no carbonates were detected during acid tests 
or gravimetric and XRD analysis of this media, and additional acid tests after the study 
confirmed that no new carbonates formed during the 24-hour shake time, it can be 
assumed that in the case of the unused pyrolusite, this newly sorbed Tl is being held by 
inner sphere complexes to the MnO2 surface.  
For the used media under the 2 mg/L loading conditions, the amount of Tl seen 
associated with the carbonate phase was lower than what existed there prior to the 
sorption step. It is hypothesized that during the sorption step, a portion of the Tl initially 
associated with the confident carbonate phase of the mineral was reassociated with the 







concentrations of Mn and Fe oxides, relative to the exchangeable and carbonate phases 
(Appendix F). It is unclear how much Tl changed association or which mineral phase it 
moved to because only a partial extraction was conducted on these solids. It also is 
unclear what caused the shift, as a similar reaction was not seen during the sorption step 
at 200 mg/L Tl, in either media.  
Under the high Tl loading conditions, both media removed statistically 
equivalent concentrations of Tl (445 mg/kg, Table 14). While the results of the partial 
sequential extractions of the media show significant differences in the concentrations of 
Tl removed by the exchangeable and carbonate phases of each media, the total 
concentration of labile Tl is the same for both (Table 14). It was concluded that the 
information provided by these partial sequential extractions was not sufficient nor 
accurate enough to make, with confidence, conclusions regarding the retention of the Tl 
removed by the media. It is recommended that further study of the subject be conducted 
through column experiments to provide a better simulation of a filter within a drinking 
water treatment facility and thereby ascertain with more certainty the stability of the Tl 









SUMMARY AND CONCLUSIONS 
The removal of Tl from drinking water sources is not an issue seen frequently 
within the water treatment field. However, due to the ability of this metal to accumulate 
on Fe and Mn oxide scales within a DWDS, its extreme lethality, and its paradoxical 
chemical behavior, development and study of specific treatment techniques is necessary 
to ensure the health of consumers. Pilot testing conducted at the Spiro treatment facility 
in Park City Utah confirmed that pyrolusite (β-MnO2) applied as a granular filtration 
media is an effective method of removal of Tl to levels < 0.24 µg/L. However, further 
research of this treatment technique was determined to be beneficial to the scientific and 
engineering communities.  
The first objective of this study was to characterize the used and unused 
pyrolusite through XRD analysis and total digestions as well as the association of Tl 
removed from drinking water onto pyrolusite filter media through sequential extractions. 
XRD analysis confirmed that the pyrolusite was in the form of MnO2 and that calcite had 
formed on media surface within the filter columns at Spiro. Sequential extractions 
showed that the majority (46.6 ± 2.2%) of the Tl removed during the pilot study was 
associated with those carbonates. The next highest association was with the 
crystalline/residual mineral fraction (29.0 ± 2.5%), which was composed of Mn, Fe, and 
Al, followed by the easily reducible fraction (16.2 ± 1.2%).  
A second set of sequential extractions conducted 9 months after the first showed 







labile and moderately reducible phases of the mineral. Due to the lack of sensitivity in the 
microwave digestion method used to analyze the residual solids, a corresponding increase 
of Tl in the recalcitrant phase was not seen; however, it is speculated that such an 
increase did occur, coinciding with observations by Vaněk et al. (2010) in soils. This 
demonstrates how Tl can become increasingly immobile over time which would be 
considered beneficial from a drinking water treatment perspective, as the threat of release 
of Tl from accumulated carbonates on the media surface could be mitigated over time. 
However, results from these studies are limited and thus it can not be said with certainty 
that this method is free of risk.   
Within the sedimentation basin of the Spiro pilot study, the pH was held at ≤8.2 to 
avoid precipitation of Ca+2. However, chemical modeling showed that calcite would form 
between pH 7.3 and 8.4 in the presence of pyrolusite. As these carbonates harbored a 
high percentage of the total Tl removed onto the media, it was hypothesized that they 
must play a role in the sorption of Tl by pyrolusite.  
Thus, the second objective of this study was to determine whether the presence of 
carbonates enhance the removal and retention of Tl by pyrolusite though batch sorption 
studies under varying water quality conditions, with and without carbonates on the 
mineral surface, followed by a partial sequential extraction to ascertain the stability of 
that Tl. 
Used and unused pyrolusite and anthracite from the Spiro pilot study were used 
during batch sorption studies, respectively, with and without precipitated calcite on the 
surface. Anthracite was included to act as a control to help determine whether carbonates 







capacity and no documented affinity for Tl. Three water qualities, Logan tap water 
(WQA), a water quality to limit (WQB), and a water quality to facilitate (WQC) sorption 
of Tl by pyrolusite were also tested during these studies.  
 The presence of carbonates significantly changed the sorptive surface of the 
pyrolusite, with Kf values four times higher than those of the unused pyrolusite. A similar 
effect was not seen on the anthracite. The used anthracite had less total carbonates and no 
crystalline carbonates detectable by XRD on its surface. Therefore, it could be concluded 
that the crystallinity or abundance of carbonates on the media surface are factors that 
contribute to the sequestration of Tl by carbonates. Despite having lower modeled Kf 
values, the unused pyrolusite still sorbed similar amounts of Tl as the used pyrolusite. It 
is known that pyrolusite has a high sorption capacity and even at initial Tl concentrations 
of 200 mg/L, both media removed 99.99% of Tl from solution.  
 Preferential sorption of Tl over K+ was observed on the unused pyrolusite 
suggesting specificity in sorption sites. Ca+2 was sorbed at all tested water qualities, at all 
tested concentrations of Tl, further confirming the extent of the soprtion capacity of this 
media. The presence of carbonates on the used pyrolusite surface resulted in drastically 
different sorptive behavior. High concentrations of Tl were sorbed by this media and a 
limited affinity between carbonates and K+ was observed. Releases of Ca+2 correlated 
with changes in pH, suggesting that dissolution of carbonates was occuring. As Tl is 
likely to accumulate within these carbonates, this dissolution could be seen as concerning 
from a drinking water treatment standpoint. It should be noted that a similar release of 







concentration of Ca+2 was high suggesting that the risk of Tl release with the dissolution 
of carbonates may be lower in source waters with high Ca+2.  
 In observing the retention of removed Tl on the pyrolusite media, it was 
concluded that the information provided by the parital sequential extractions was not 
sufficient nor accurate enough to result in confident conclusions and further study by 
other means would be beneficial.    
 From these studies it can be concluded that carbonates do not enhance the 
removal of Tl from drinking water by pyrolusite. Furthermore, the high association of Tl 
with carbonates on the pyrolusite surface, in addition to the evidence of the dissolution of 
these carbonates with changes in water chemistry suggest that the formation of such 









CHAPTER VIII:  
 
ENGINEERING SIGNIFICANCE  
Research concerning Tl chemistry in engineered aqueous systems is not abundant 
and thus the subject is not yet fully understood. Tl is highly toxic and although it occurs 
at low levels, it is listed as a priority pollutant by the USEPA and its removal is necessary 
to ensure that water is safe for human consumption (USEPA 2014a).  
The results of this study were able to characterize the association of Tl removed 
onto pyrolusite filter media, allowing for increased understanding concerning the stability 
of Tl removed from drinking water using this treatment technique. It was concluded that 
the carbonates are likely to sequester Tl on the pyrolusite surface. Dissolution of these 
carbonates was observed with minor changes in pH and under water qualities with 
initially low Ca+2 concentrations. Such dissolution could result in release of Tl from the 
pyrolusite media, making the case for avoiding the buildup of carbonates if possible, 
especially in water systems whose sources have variability in alkalinity or pH. In the case 
of the Spiro treatment plant at Park City, Metsorb© titanium dioxide for the removal of Sb 
is applied downstream of the pyrolusite filtration step, and provides a built in protection 
system for potential releases of Tl from their filter media. Such a secondary barrier could 
be a consideration for facilities wishing to implement this treatment technique.  
Although the models applied to the results from the batch sorption studies predict 
that the sorption capacity of the pyrolusite is enhanced by the presence of carbonates, 
sorption of Tl by pyrolusite without carbonates was comparable to the media with 







waters, pyrolusite without carbonates is more than capable of achieving the MCL of 2 










RECOMMENDATIONS FOR FUTURE WORK 
The entirety of this sorption study was conducted under batch conditions. While 
this did provide some interesting and conclusive results, it would be advantageous to 
repeat these sorption tests as column studies. The act of slowly loading the media within 
columns with lower concentrations of Tl followed by water quality challenges would be 
beneficial and would more directly translate to a water treatment environment than these 
batch studies.  
It is also recommended that the challenges within column tests be conducted 
using a full factorial experimental design testing the five water quality parameters tested 
during these studies at environmentally significant levels and in all combinations so as to 
be sure which factors or combinations of factors have the greatest effect on Tl removal 
and retention.  
Column tests would also be useful to the water treatment community, as they will 
provide more accurate information concerning the aging process and progressive 
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APPENDIX A:  
 







Preliminary Studies and Results 
Background 
It was the original objective of this study to determine the stability of Tl on the 
pyrolusite solids provided by Park City. This study was based on results from a full 
factorial desorption study looking at the release of various TICs with small changes in 
water quality from pipe solids collected from the DWDS in Park City that concluded that 
of all the studied TICs, Tl was most susceptible to minor changes in water quality 
(Figures 7 and 8) (Friedman et al. 2015). Therefore, it was initially put forth that a similar 
test should be conducted on the pyrolusite filter media to ensure that the same 
susceptibility for release did not exist within the filter columns. The proposed study 
consisted of characterization of pyrolusite solids from the Spiro pilot plant followed by a 
full factorial, batch desorption study testing the five water quality parameters deemed 
most likely to cause a release of Tl from the pyrolusite solids: pH, Cl2 concentration, 
competition by K+ and Ca+2, and increased potential for complexation by Cl-. The 
expected high and low conditions for these five parameters, seen within Spiro Tunnel or 
during treatment at the Spiro treatment facility, would be tested in all possible 
combinations.  
During the preliminary phases of this study, challenges concerning the behavior 
of Tl and the experimental design arose, resulting in major changes to the experimental 
design and eventually to the project objectives. The evolution of this project is presented 
in this section to provide further understanding for the conditions that were settled upon 







Preliminary Results and Project Evolution 
Preliminary tests showed that the concentration of Tl on the pyrolusite solids was 
99.2 ± 11.5 mg/kg. Water extractions were conducted with a 1:2 mass to volume ratio, 
over 24 hours, under the high and low conditions proposed in the full factorial matrix. 
These were based on conditions within the Spiro tunnel source or during treatment at the 
Spiro treatment facility and the properties of Logan tap water, respectively (Table A1). 
This water extraction resulted in a release of Tl of < 1 µg/L, which was above the 
treatment goal set by Park City of 0.18 µg/L but still below the MCL of 2 µg/L.  
Table A1. High and low conditions of the full factorial matrix to be used in desorption 
tests.  
Parameter High (Spiro Tunnel) Low (Logan Tap) 
pH 8.5 7.6 
Cl2 (mg/L) 4.4 0.2 
Ca+2 (mg/L) 135 43 
K+ (mg/L) 1.7 <0.5 
Cl- (mg/L) 12 1.3 
 
 
In a meeting with PCMC, it came to light that it was their goal to have this 
pyrolusite media in operation for an extended period of time, upwards of 30 years, 
without regeneration. This practice would result in a much higher concentrations of Tl on 
the media as the years progressed. Therefore, the decision was made to further load the 
pyrolusite media with Tl prior to the desorption study, in order to simulate this long-term 
use of the pyrolusite. It was also predicted that under a higher loading condition, releases 
of Tl that exceeded the MCL might be observed.  
In order to choose an appropriate Tl concentration to use during the sorption step, 







Twenty gram samples of the media were combined with 20 mL of deionized water 
(DIW), adjusted to pH 9, with an added electrical conductivity of 860 uS/cm as NaNO3, 
similar to that found in Spiro Tunnel, and containing 10, 20, 80, 150, and 200 mg/L Tl. 
These samples were shaken for 24 hours at 150 osc/min, centrifuged for 20 minutes at 
10,000 rpm, and decanted. The supernatant was filtered by a 0.2 µm syringe filter, 
preserved using HNO3 and analyzed for Tl by ICP-MS, EPA method 6020.  Plots were 
generated of the calculated mass of Tl removed per mass of media (qe) versus the 
measured equilibrium solution concentration (Ce) following the shake period (Figure A1).  
  
 
Figure A1. Plotted isotherm data for Tl sorption onto pyrolusite with a linear trendline 
applied. Initial Tl concentrations ranged from 10-200 mg/L.  
It was the goal of this experiment to determine a sorption maximum; however, the 
range of Tl concentrations tested (10-200 mg/L) was too small, as the resulting qe values 
































fell within the linear range of the isotherm (Figure A1). Because of the extreme toxicity 
of the Tl, it was determined that working with concentrations higher than 200 mg/L Tl 
would create excessive amounts of highly toxic waste, and thus, a cap on the Tl 
concentration used throughout the study was set at 200 mg/L. 
A preliminary sorption study was conducted using the 1:2 mass to volume ratio 
that would be used within the full sorption/desorption study; 30 mL of DIW, containing 
200 mg/L of Tl, adjusted to pH 9, with an added electrical conductivity of 860 µS/cm, 
similar to that found in Spiro Tunnel and 15 g of the pyrolusite media were combined, 
shaken for 24 hours, centrifuged and decanted for analysis by ICP-MS. This was 
followed by a desorption test using 30 mL of water adjusted to the high and low water 
quality conditions of the matrix to be used in the full factorial experiments (Table A1) to 
determine if the range of these high and low conditions was significant enough to illicit 
differing responses, as well as to ensure that 24 hours was a sufficient time interval to 
achieve steady state conditions for desorption.  
 Following the sorption step, the equilibrium solution concentration of Tl was 1.5 
± 0.87 mg/L. Desorption took place over 24 hours with triplicate samples being sacrificed 
over six sampling periods (Figure A2). 
Over the 24-hour desorption period it was noted that the high water quality 
conditions did result in a statistically higher release of Tl than the low water quality 
conditions; t-tests confirmed that the means of each triplicate set of samples were 
different at every sampling time except those at hour 12. As these samples were taken at 








Figure A2. Tl release in initial proposed high and low conditions over 24 hours (error 
bars represent a calculated 95% confidence interval). Sorption of 200 mg/L Tl preceded 
desorption.  
It was observed that the solution concentration of Tl decreased over time. It was 
hypothesized that this was occurring due to continued sorption of the residual solution 
from the sorption step. Tubes were weighed before and after the sorption study to 
determine the residual mass of the sorption solution. It was possible to decant only 90% 
of the supernatant from the sorption step and consequently, when the solids were 
resuspended during the desorption study, a solution concentration of 150 µg/L Tl was 
still present. To test this hypothesis, the sorption/desorption study was repeated under the 
high water quality conditions (Table A1) for a desorption period of 3 hours, with a 
sample taken at t=0 (Figure A2).  
The Tl equilibrium solution concentration following the sorption study was 1.19 ± 

































free water was added for the desorption step, this residual solution would result in Tl 
concentration of 0.12 mg/L (120 µg/L).  
 
 
Figure A3. Desorption results under high water quality conditions with a sample taken at 
t=0 (error bars represent the calculated 95% confidence interval). Initial Tl concentration 
during sorption was 200 mg/L.  
The initial release of Tl, at 400 µg/L, was higher than the expected residual 
concentration (120 µg/L) provided by the sorption step, indicating an immediate release 
of Tl from the pyrolusite solids. Additionally, a decrease in the solution concentration of 
Tl was seen with time. The Tl concentration at t=1.5 hr was approximately 200 µg/L as 
compared to 35 µg/L from the first sampling point in the previous experiment. Samples 
from the first sorption/desorption experiment sat in the refrigerator overnight between the 
































solution was occurring in the interim even though preliminary kinetics studies showed 
that steady state conditions were achieved within 2 hours. 
It was thought that rinsing the media between the sorption and desorption step 
might reduce the interference caused by the residual Tl concentration. Therefore, the 
experiment was repeated again using the high water quality conditions. Following the 
sorption step, 30 mL of DIW was added to the solids; the centrifuge tubes were inverted 
once and the liquid was decanted. As within the previous experiments, only 90% of the 
liquid could be removed from the solids and because of this, the assumption was made 
that each rinse would reduce the Tl concentration by a factor of 10 thus, the rinse was 
repeated two more times to effectively reduce the concentration to less than 1 µg/L when 
resuspended for the desorption step.  The decanted rinse solution was collected and 
passed through a 0.45 µm vacuum filter to be analyzed for Tl. Based on the volume of 
rinse water collected (810 mL) and the Tl concentration expected in each rinse, the 
theoretical Tl concentration of the filtrate could be calculated and compared to measured 
Tl concentration of the filtrate to determine whether desorption occurred during the rinse. 
Following the rinse, solids were resuspended in 30 mL of the high water quality and 
shaken for 26 hours with triplicate samples taken at t=0, 3, and 26 hr (Figure A4). 
By calculating the total mass of Tl expected from each rinse of the solids and 
dividing it by the total volume of filtrate collected, the theoretical concentration of Tl was 
determined to be 41.4 µg/L. However, the filtrate concentration was measured to be 204 
± 1.4 µg/L, suggesting that desorption of Tl did occur during the rinse process. 
Furthermore, a release of Tl of 325 ± 123 µg/L was seen at t=0 of the desorption study 








Figure A4. Release of Tl from pyrolusite solids following the sorption of 200 mg/L Tl 
and a subsequent rinse with DIW (error bars represent a 95% confidence interval). 
The decrease in the solution concentration of Tl with time in all three experiments 
could be due to small changes in the solution chemistry between the sorption and 
desorption solutions. However, it should be noted that the concentrations of the 
competing ions (Ca and K) in the desorption solution stayed constant with time. And 
while the pH of the sorption solution was adjusted to 9 prior to the 2-hour sorption 
period, the pH was measured to be 7.75. A similar phenomenon was seen during 
desorption; the initial pH of the solution was adjusted to the high water quality condition 
of 8.5 but over time it returned to approximately 7.6. It could be that the fluctuations in 
pH were the cause of the release and re-adsorption of Tl. It could also be that the initial 
release was Tl+ that was held to the media surface through simple exchange mechanisms 

































the Mn oxide. This reaction was observed by Wan et al. (2014) and Bidoglio et al. 
(1993); unfortunately, the UWRL is not equipped with equipment to conduct analysis via 
XPS and XANES, which would have been required to test this hypothesis. It was 
ultimately concluded that securing access to this instrumentation would be require funds 
and time not afforded to this project.  
It was proposed, therefore, to revise the study to be a full factorial sorption study, 
looking at how the same five water quality parameters affect the sorption of Tl onto the 
pyrolusite media. The range of the five parameters was extended to incorporate the 
highest and, in the case of pH, the lowest water quality conditions expected within 
drinking water treatment so as to be applicable to a broader water treatment audience 
(Table A2).  
Table A2. New water quality conditions chosen for the full factorial sorption study.  
Parameter High WQ Conditions Low WQ Conditions 
pH 8.5 6.5 
Cl2 (mg/L) 4.0  0.2  
Ca2+ (mg/L) 135  43.5  
K+ (mg/L) 1.7  <0.5  
Cl- (mg/L) 200  1.6-34*  
*The low condition for Cl- is listed as a range to account for the addition of Tl as TlCl.  
 
 A preliminary sorption test was conducted to determine whether differences in the 
sorption of Tl could be seen between the high and low water quality conditions. A 
moderate water quality condition of LTW with no manipulation was also tested. 
Triplicate samples of 15 g of used pyrolusite material was combined with 30 mL of LTW 
adjusted to the desired water quality conditions and containing concentrations of 2, 10, 









Figure A5. Average Tl removed onto the pyrolusite solid (qe (mg/g)) vs. equilibrium Tl 
concentration (Ce (mg-Tl/L)) with the applied Freundlich models in three water qualities. 
Error bars represent one standard deviation for measured Ce and calculated qe (error bars 
on qe are smaller than the symbols). 
Freundlich models were applied to these data in the same manner described in the 
materials and methods section of this thesis. Based on 95% confidence intervals 
calculated for the Kf values generated from each of the three models, there was a 
significant difference in the Tl sorbed onto the used pyrolusite media in the high and low 
water quality conditions (Table A3).  
Table A3. Summary of the Freundlich adsorption capacity (Kf ((L/mg)N (mg/g)) and 
intensity (N) parameters for preliminary sorption test. 
Water Quality Kf 95% CI N 95% CI 
High 0.410 0.382-0.438 0.443 0.394-0.493 
Low 0.319 0.263-0.375 0.514 0.384-0.645 



































At the same time this preliminary sorption study was being conducted, data from 
sequential extractions of the used pyrolusite and anthracite showed the high association 
of Tl with carbonates on the media surface. Literature was found to confirm that a 
preferential association between Tl and carbonates had been observed in other studies 
(Vaněk et al. 2010; Yang et al. 2005). It was concluded that further study of the role of 
carbonates in the removal of Tl from drinking water by pyrolusite could be beneficial to 
water treatment professionals. However, conducting a full factorial sorption study with 
five water quality parameters and four media would require more materials and time than 
were available to this study. Therefore, combinations of the water quality parameters 
predicted, based on current literature, as most likely to facilitate and limit the sorption Tl 








APPENDIX B:  
 








Figure B1. XRD results for used pyrolusite. 
 








Figure B3. XRD results for used anthracite. 
 

















Isotherms are presented in this section to display the respective water quality 
effects on each media (Figures C1-C4) and the differences in Tl sorption caused by the 
presence of carbonates on the surface (Figures C5-C10).  
 
 
Figure C1. Average Tl removed onto the unused pyrolusite solid (qe (mg/g)) vs. 
equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in three 
water qualities. Error bars represent the standard deviations for measured Ce and 


























WQ A - Data WQ A - Model
WQ B - Data WQ B - Model








Figure C2. Average Tl removed onto the used pyrolusite solid (qe (mg/g)) vs. 
equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in three 
water qualities. Error bars represent the standard deviations for measured Ce and 
calculated qe (error associated with the qe values are smaller than the symbols; 




























WQ A - Data WQ A - Model
WQ B- Data WQ B - Model








Figure C3. Average Tl removed onto the unused anthracite solid (qe (mg/g) vs. 
equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in three 
water qualities. Error bars represent the standard deviations for measured Ce and 
























WQ A - Data WQ A - Model
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Figure C4. Average Tl removed onto the used anthracite solid (qe (mg/g) vs. equilibrium 
Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models for in three water 
























WQ A - Data WQ A - Model
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Figure C5. Average Tl removed onto the used and unused pyrolusite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
WQA. Error bars represent the standard deviations for measured Ce and calculated qe 
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Figure C6. Average Tl removed onto the used and unused pyrolusite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
WQB. Error bars represent the standard deviations for measured Ce and calculated qe 



























Unused Pyrolusite - Data
Unused Pyrolusite - Model
Used Pyrolusite - Data








Figure C7. Average Tl removed onto the used and unused pyrolusite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
WQC. Error bars represent the standard deviations for measured Ce and calculated qe 
























Unused Pyrolusite - Data
Unused Pyrolusite - Model
Used Pyrolusite - Data








Figure C8. Average Tl removed onto the used and unused anthracite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
























Unused Anthracite - Data
Unused Anthracite - Model
Used Anthracite - Data








Figure C9. Average Tl removed onto the used and unused anthracite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
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Figure C10. Average Tl removed onto the used and unused anthracite solid (qe (mg/g)) 
vs. equilibrium Tl concentration (Ce (mg-Tl/L)) with the applied Freundlich models in 
































Unused Anthracite - Data
Unused Anthracite - Model
Used Anthracite - Data
















While the Freundlich model was not the best fit in every single case, it was in a 
majority of the cases tested and therefore was applied to all cases in order for accurate 
comparisons to be made. Plots of the residuals and the predicted qe versus the observed 
qe are displayed with a linear regressions applied and represented by a blue line and the 
ideal regression, represented by a red line. Tabular summaries of these regressions are 
also included for each of the tested media under all tested water qualities.  
In the case of the plotted residual, a perfect fit will have a slope, a y-intercept, and 
an R2 value of 0. For the predicted qe versus the observed qe plots, a perfect model fit 





Figure D1. Plotted residuals of the applied isotherm models for unused pyrolusite in 
WQA. 
Table D1. Summary of plotted residuals for unused pyrolusite in WQA. 
Unused Pyrolusite   
WQA 
Residuals 
Model Slope y-int R2 RSS 
Langmuir -0.0326 0.0108 0.2099 0.0025 










Figure D2. Plotted predicted vs. observed qe values of the applied isotherm models for 
unused pyrolusite in WQA. 
Table D2. Summary of plotted predicted qe vs. observed qe parameters for used 
pyrolusite in WQA. 
Unused Pyrolusite 
WQA 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0342 -0.0122 0.9969 

















Model Slope y-int R2 RSS 
Langmuir 0.2111 -0.0067 0.0610 0.0025 






Figure D4. Plotted predicted vs. observed qe values of the applied isotherm models for 
used pyrolusite in WQA. 
Table D4. Summary of plotted predicted qe vs. observed qe parameters for used 
pyrolusite in WQA. 
Used Pyrolusite 
WQA 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 0.9646 0.0091 0.9939 











Figure D5. Plotted residuals of the applied isotherm models for unused anthracite in 
WQA. 




Model Slope y-int R2 RSS 
Langmuir 0.0008 0.0146 0.1848 0.0600 






Figure D6. Plotted predicted vs. observed qe values of the applied isotherm models for 







Table D6. Summary of plotted predicted qe vs. observed qe parameters for unused 
anthracite in WQA. 
Unused Anthracite 
WQA 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 0.8377 -0.0174 0.6653 






Figure D7. Plotted residuals of the applied isotherm models for used anthracite in WQA. 




Model Slope y-int R2 RSS 
Langmuir 2.17E-05 0.0097 0.1498 0.0025 











Figure D8. Plotted predicted vs. observed qe values of the applied isotherm models for 
used anthracite in WQA. 
Table D8. Summary of plotted predicted qe vs. observed qe parameters for used 
anthracite in WQA. 
Used Anthracite 
WQA 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0217 0.0045 0.9869 















Model Slope y-int R2 RSS 
Langmuir -0.0226 0.0105 0.2116 0.0024 




Figure D10. Plotted predicted vs. observed qe values for unused pyrolusite in WQB. 
Table D10. Summary of plotted predicted qe vs. observed qe parameters for unused 
pyrolusite in WQB.  
Unused Pyrolusite 
WQB 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0365 -0.0122 0.9970 










Figure D11. Plotted residuals of the applied isotherm models for used pyrolusite in 
WQB. 




Model Slope y-int R2 RSS 
Langmuir 0.1212 -0.0071 0.0768 0.0020 




Figure D12. Plotted predicted vs. observed qe values of the applied isotherm models for 







Table D12. Summary of plotted predicted qe vs. observed qe parameters for used 
pyrolusite in WQB. 
Used Pyrolusite 
WQB 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 0.9643 0.0098 0.9963 




Figure D13. Plotted residuals of the applied isotherm models for unused anthracite in 
WQB. 




Model Slope y-int R2 RSS 
Langmuir -5.94E-05 0.0042 0.0305 0.0019 










Figure D14. Plotted predicted vs. observed qe values of the applied isotherm models for 
unused anthracite in WQB. 
Table D14. Summary of plotted predicted qe vs. observed qe parameters for unused 
anthracite in WQB. 
Unused Anthracite 
WQB 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0144 -0.0040 0.9850 
















Model Slope y-int R2 RSS 
Langmuir -1.40E-04 0.0092 0.1360 0.0025 




Figure D16. Plotted predicted vs. observed qe values of the applied isotherm models for 
used anthracite in WQB. 
Table D16. Summary of plotted predicted qe vs. observed qe parameters for used 
anthracite in WQB. 
Used Anthracite 
WQB 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0467 -0.0104 0.9885 










Figure D17. Plotted residuals of the applied isotherm models for unused pyrolusite in 
WQC. 




Model Slope y-int R2 RSS 
Langmuir -0.0174 0.0097 0.1498 0.0025 




Figure D18. Plotted predicted vs. observed qe values of the applied isotherm models for 







Table D18. Summary of plotted predicted qe vs. observed qe parameters for unused 
pyrolusite in WQC. 
Unused Pyrolusite 
WQC 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0345 -0.0117 0.9962 




Figure D19. Plotted residuals of the applied isotherm models for used pyrolusite in 
WQC. 




Model Slope y-int R2 RSS 
Langmuir 0.1301 -0.0100 0.0145 0.0100 










Figure D20. Plotted predicted vs. observed qe values of the applied isotherm models for 
used pyrolusite in WQC. 
Table D20. Summary of plotted predicted qe vs. observed qe parameters for used 
pyrolusite in WQC. 
Used Pyrolusite 
WQC 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 0.9248 0.0179 0.9763 
















Model Slope y-int R2 RSS 
Langmuir -3.28E-05 0.0015 0.0054 0.0042 




Figure D22. Plotted predicted vs. observed qe values of the applied isotherm models for 
unused anthracite in WQC. 
Table D22. Summary of plotted predicted qe vs. observed qe parameters for unused 
anthracite in WQC. 
Unused Anthracite 
WQC 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 0.9638 0.0023 0.9565 










Figure D23. Plotted residuals the applied isotherm models for used anthracite in WQC. 




Model Slope y-int R2 RSS 
Langmuir -1.32E-04 0.0092 0.1023 0.0029 





Figure D24. Plotted predicted vs. observed qe values of the applied isotherm models for 







Table D24. Summary of plotted predicted qe vs. observed qe parameters for used 
anthracite in WQC. 
Used Anthracite 
WQC 
Predicted qe vs. Observed qe 
Model Slope y-int R2 
Langmuir 1.0465 -0.0108 0.9863 








APPENDIX E:  
 







Chemical modeling was conducted to determine whether carbonates could form at 
a pH less than 8.2. A sweep problem looking at 20 pH values between 6.5 and 8.4, at 
increments of 0.1, was run in Visual Minteq using the starting conditions listed in Table 
E1, which are typical conditions seen in Spiro tunnel water. The results from the first 
problem, including concentrations and activities of inorganic species are displayed in 
Table E2. The concentrations of MnCO3 and calcite in mol/L expected at each pH 
increment are displayed in Table E3.  
This modeling exercise was repeated using the water quality parameters listed in 
Table E4, which are typical conditions seen in Logan Tap Water (LTW). The results from 
the first problem, including concentrations and activities of inorganic species are 
displayed in Table E5. The concentrations of MnCO3 and calcite in mol/L expected at 
each pH increment are displayed in Table E6. 
Table E1. Starting conditions for pH sweep problem using Spiro Tunnel water quality 
parameters. (Pyrolusite was included as an infinite solid). 
Parameter Units Input 
Alkalinity (mg CaCO3/L) 143 
Ca+2 (mg/L) 135 
Tl+ (ug/L) 4.0 
Mn+2 (ug/L) 74.8 













Table E2. An example of the results of concentrations and activities of aqueous inorganic 
species (mol/L) from the first problem (pH 6.5) of the pH sweep using Spiro water 
quality parameters.  
Concentration Activity Log activity 
Ca+2 1.847E-04 1.202E-04 -3.920 
CaCO3 (aq) 5.482E-06 5.495E-06 -5.260 
CaHCO3+ 5.019E-06 4.508E-06 -5.346 
CaOH+ 5.362E-09 4.817E-09 -8.317 
CO3-2 4.232E-05 2.755E-05 -4.560 
H+1 5.580E-09 5.012E-09 -8.300 
H2CO3* (aq) 3.311E-05 3.320E-05 -4.479 
HCO3- 3.279E-03 2.945E-03 -2.531 
Mn(OH)4-2 1.897E-24 1.235E-24 -23.908 
Mn+2 2.327E-09 1.515E-09 -8.820 
Mn2(OH)3+ 2.605E-17 2.340E-17 -16.631 
Mn2OH+3 3.041E-20 1.157E-20 -19.937 
MnCO3 (aq) 2.086E-09 2.091E-09 -8.680 
MnHCO3+ 9.909E-11 8.901E-11 -10.051 
MnO4- 2.147E-28 1.928E-28 -27.715 
MnO4-2 2.210E-27 1.438E-27 -26.842 
MnOH+ 8.507E-12 7.641E-12 -11.117 
OH- 2.236E-06 2.008E-06 -5.697 
Tl+1 1.957E-08 1.758E-08 -7.755 


















Table E3. Results from a sweep problem using Visual Minteq looking at the formation of 
calcite and MnCO3 within a pH range of 6.5 and 8.4 using Spiro Tunnel water quality 
conditions.  
pH 
Calcite MnCO3 (amorph) 
Conc. (mol/L) Conc. (mol/L) 
6.5 0 0.00381 
6.6 0 0.00317 
6.7 0 0.00315 
6.8 0 0.00311 
6.9 0 0.00303 
7.0 0 0.00286 
7.1 0 0.00254 
7.2 0 0.00190 
7.3 0.00088 0.00308 
7.4 0.00219 0 
7.5 0.00239 0 
7.6 0.00256 0 
7.7 0.00270 0 
7.8 0.00282 0 
7.9 0.00292 0 
8.0 0.00301 0 
8.1 0.00307 0 
8.2 0.00313 0 
8.3 0.00317 0 
8.4 0.00321 0 
 
Table E4. Starting conditions for pH sweep problem using LTW water quality 
parameters. (Pyrolusite was included as an infinite solid). 
Parameter Units Input 
Alkalinity (mg CaCO3/L) 160 
Ca+2 (mg/L) 43.5 
Tl+ (ug/L) 0 
Mn+2 (ug/L) 1.5 










Table E5. An example of the results of concentrations and activities of aqueous inorganic 
species (mol/L) from the first problem (pH 6.5) of the pH sweep using LTW water 
quality parameters.  
 Concentration Activity Log activity 
Ca+2 1.085E-03 7.064E-04 -3.151 
CaCO3 (aq) 1.540E-09 1.544E-09 -8.811 
CaHCO3+ 8.899E-08 7.993E-08 -7.097 
CaOH+ 4.995E-10 4.486E-10 -9.348 
CO3-2 2.024E-09 1.317E-09 -8.880 
H+1 3.521E-07 3.162E-07 -6.500 
H2CO3* (aq) 6.304E-06 6.319E-06 -5.199 
HCO3- 9.892E-06 8.885E-06 -5.051 
Mn(OH)4-2 1.897E-24 1.235E-24 -23.908 
Mn+2 3.688E-02 2.401E-02 -1.620 
Mn2(OH)3+ 2.605E-08 2.340E-08 -7.631 
Mn2OH+3 1.211E-07 4.608E-08 -7.337 
MnCO3 (aq) 1.581E-06 1.585E-06 -5.800 
MnHCO3+ 4.738E-06 4.256E-06 -5.371 
MnO4- 1.355E-35 1.217E-35 -34.915 
MnO4-2 1.394E-34 9.076E-35 -34.042 
MnOH+ 2.137E-06 1.919E-06 -5.717 

















Table E6. Results from a sweep problem using Visual Minteq looking at the formation 






6.5 0 0.00330 
6.6 0 0.00329 
6.7 0 0.00327 
6.8 0 0.00323 
6.9 0 0.00315 
7.0 0 0.00300 
7.1 0 0.00268 
7.2 0 0.00205 
7.3 0 0.00079 
7.4 0 0 
7.5 0 0 
7.6 0.00030 0 
7.7 0.00044 0 
7.8 0.00056 0 
7.9 0.00065 0 
8.0 0.00073 0 
8.1 0.00080 0 
8.2 0.00085 0 
8.3 0.00090 0 







APPENDIX F:  
 
DISTRIBUTION OF VARIOUS METALS WITHIN PYROLUSITE  
 







Figures are included in this section to show the distribution of key metals in the 
pyrolusite and anthracite so as to clarify the need for revised operationally defined 
mineral phases in the modified Amacher method (1996). 
 
 
Figure F1. Distribution of Mn as defined by sequential extractions expressed in terms of 
percent total for used pyrolusite from the Spiro pilot study. Total Mn concentration was 
















Figure F2. Distribution of Fe as defined by sequential extractions expressed in terms of 
percent total for used pyrolusite media from the Spiro pilot study. Total Fe concentration 
was 42.1 g/kg. 
 
Figure F3. Distribution of Al as defined by sequential extractions expressed in terms of 
percent total for used pyrolusite media from the Spiro pilot study. Total Al concentration 






















Figure F4. Distribution of Ca as defined by sequential extractions expressed in terms of 
percent total for used pyrolusite media from the Spiro pilot study. Total Ca concentration 
was 72.4 g/kg. 
 
Figure F5. Distribution of Ca as defined by partial sequential extractions conducted 
following sorption of 200 mg/L Tl onto used pyrolusite in WQA. Total Ca seen within 

















Figure F6. Distribution of K as defined by sequential extractions expressed in terms of 
percent total for used pyrolusite media from Spiro pilot study. Total K concentration was 
4.73 g/kg. 
 
Figure F7. Distribution of K as defined by partial sequential extractions conducted 
following sorption of 2 mg/L Tl onto used pyrolusite in WQA. Total K seen within these 


















Figure F8. Distribution of Mn as defined by sequential extractions expressed in terms of 
percent total for used anthracite media from the Spiro pilot study. Total Mn concentration 
was 0.134 g/kg. 
 
Figure F9. Distribution of Mn as defined by sequential extractions expressed in terms of 






















Figure F10. Distribution of Fe as defined by sequential extractions expressed in terms of 
percent total for used anthracite media from the Spiro pilot study. Total Fe concentration 
was 2.44 g/kg. 
 
Figure F11. Distribution of Fe as defined by sequential extractions expressed in terms of 






















Figure F12. Distribution of Al as defined by sequential extractions expressed in terms of 
percent total for used anthracite media from the Spiro pilot study. Total Al concentration 




Figure F13. Distribution of Al as defined by sequential extractions expressed in terms of 






















Figure F14. Distribution of Ca as defined by sequential extractions expressed in terms of 
percent total for used anthracite media from the Spiro pilot study. Total Ca concentration 
was 21.7 g/kg. 
 
Figure F15. Distribution of Ca as defined by partial sequential extractions conducted 
following sorption of 200 mg/L Tl to used anthracite in WQA. Total Ca seen within these 

















Figure F16. Distribution of Ca as defined by sequential extractions expressed in terms of 
percent total for unused anthracite media. Total Ca concentration was 0.352 g/kg. 
 
Figure F17. Distribution of K as defined by sequential extractions expressed in terms of 
percent total for used anthracite media from the Spiro pilot study. Total K concentration 






















Figure F18. Distribution of K as defined by partial sequential extractions conducted 
following sorption of 200 mg/L Tl to used anthracite in WQA. Total Ca seen within these 
two extraction steps was 0.056 g/kg.  
 
Figure F19. Distribution of K as defined by sequential extractions expressed in terms of 
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